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Abstract
In this project, the magnetomechanical properties of amorphous wires were investigated. 
The Young’s modulus and magnetostriction as a function of applied magnetic field were 
measured. To measure the shear modulus and magnetomechanical damping as a function 
of applied field, tensile stress and torsional strain an inverted torsional pendulum system 
was designed.
Published data on the magnetic and magnetoelastic properties of amorphous wires are 
reviewed. The theoretical models concerning the magnetoelastic properties of the 
ferromagnetic materials are also reviewed.
The saturation magnetostriction of the Fe-based amorphous wire was derived from the 
engineering magnetostriction. Magnetoelastic properties of the wires were improved by 
furnace and current annealing. Changes in both Young’s modulus and shear modulus of 
up to 80% in a magnetic field were obtained. The effect of the annealing temperature 
and time on the field dependence of the Young’s modulus and shear modulus is explained 
using the Squire model. From the magnetostriction and modulus measurements as 
functions of applied field, the average angle of the magnetic moments with respect to 
the wire axis at H=0 is estimated. It was observed that annealing first reduces the internal 
stress; further annealing leads to surface crystallisation, which favours a circumferential 
domain structure in the Fe-based wires.
The magnetomechanical damping behaviour of the amorphous wires is explained using 
the Smith-Birchak [1969] and Degauque-Astie [1980] models. The internal stress values 
were estimated using the Smith-Birchak model. It was found that the internal stress is 
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1 Introduction
1.1 Aim of Study
The aims of this project are to investigate the magnetic field dependence of Young’s 
modulus, E, and magnetostriction, X, and the magnetic field, tensile stress and torsional 
strain,e, dependence of the shear modulus, G, and the magnetomechanical damping, 
Q'1. The work reported here was carried out on Fe77 5Si7 5B 15 amorphous wires with 
various diameters from 50|im to 140|im. The wires were produced by the 
in-rotating-water spinning method. To reduce the diameter, wires were cold-drawn. The 
field dependence of X, E, G and Q' 1 is important in understanding magnetomechanical 
properties and the domain structure of materials.
This project reports the effects of furnace, current and magnetic field annealing on the 
magnetic and magnetoelastic properties of Fe-based amorphous wires.
The magnetic field dependence of X and Young’s modulus was explained semi 
quantitatively using the model proposed by Squire [1990] which assumes that amorphous 
ribbon is field annealed at an oblique angle to the ribbon axis. This induces an easy axis 
in the annealing field direction leading to a domain structure which consists of regions 
separated by 180° domain walls. Magnetisation occurs both by moment rotation and by 
domain wall motion.
The Degauqe and Astie [1980] model was used to explain the torsional strain and field 
dependence of magnetomechanical damping. The model assumes that the maximum 
value of the damping (the damping peak) is proportional to the number of 90° domain
walls which perform irreversible jumps. The magnetic field plays two important roles. 
Small magnetic fields increase the peak value of the damping and higher fields lead to 
a decrease in the damping peak.
In this chapter, the magnetic and magnetomechanical parameters used in this study are 
defined and a brief introduction to amorphous alloys is given.
1.2 Basic Magnetic Parameters
M-H loop: The most outstanding characteristic of a magnetic material is its hysteresis 
loop, also called its M-H loop. A typical M-H loop is shown in figure 1.1 where He is 
coercivity, Mj is remanent magnetisation, Ms is saturation magnetisation and Uh is energy 
loss. The loop can be divided into three parts. The first part is the low field region where 
the shape o f the loop often follows Rayleigh’s relation:
M = %0H+2i)H2 (1.1)
where %o is the initial susceptibility and D is a constant. The second part of the curve is 
between the first part and the knee. In this part, magnetisation increases rapidly with 
increasing applied magnetic field, H. The third part lies between the knee and the 
saturation magnetisation, M*. At saturation all the magnetic moments align in the 
direction of H, so that further increase in H does not change the magnetisation.
When the magnetic field is reduced to zero from any magnetised state of the sample, 
the remaining magnetisation is called the remanent magnetisation.
Coercivity and coercive field: The coercive field can be defined as the reverse applied 
field required to reduce the magnetisation to zero from any value. The coercivity is the 
field necessary to reduce the magnetisation to zero from saturation.
-2-
Figure 1.1: Variation of the magnetisation of a typical magnetic material with applied
field (M-H loop).
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Susceptibility: For many magnetic materials, magnetisation, M, is proportional to the 
applied field, H, according to the relation:
M = xH (1.2)
where % *s the susceptibility. Since the M and H have the same dimensions % is 
dimensionless. However in practise, magnetic materials do not always have a constant 
susceptibility. So, the rate of change of M with H (dM/dH) is sometimes used as x, which 
is then called the differential susceptibility. The initial susceptibility, %0, is the 
susceptibility at low fields (Xo — (dM/dH)H_>0)-
Hysteresis loss: When a ferromagnetic material is made to go through one complete 
M-H cycle, the total work done on the sample is called the hysteresis loss, Uh, which is 
equal to the area enclosed by the M-H loop as shown in figure 1.1. Energy loss in materials 
is caused by eddy currents and irreversible motion of the domain walls.
Anisotropy energy: This is the energy per unit volume necessary to rotate the 
magnetisation into the direction of the applied field. The anisotropy energy is given by 
the area shown in the figure 1.2. This area represents the average of the total local 
anisotropies in the sample, and is given by:
r Ms
Uk = n J  HdM (1.3)
Jo
The anisotropy energy can be separated into the contributing anisotropy energies which 
are magnetocrystalline, shape, stress and induced anisotropy.
1) Magnetocrystalline anisotropy: This is due to the spin-orbit interaction between 
the atomic magnetic moments. There is also orbit-lattice coupling in the crystal structure. 
When an external field is applied to the sample, the field tries to orient the spin of the 
electron into the direction of the field. The orbit of the electron also tends to be oriented.
But electron orbits are strongly coupled to the lattice and resist rotating into the field 
direction; the energy required to overcome this coupling is called the crystal anisotropy 
energy. When the magnetisation is rotated by the magnetic field, the stored energy is 
given by:
U = K0 + K ,(a X + a X + a X )  + K3(cxfaX + ..... ) (1-4)
where a l 5  o6 2 and (X3  are direction cosines between the magnetisation direction and the 
crystal axes and K*,, Kj and K3 are anisotropy constants. E  ̂is usually ignored, because 
it is the angular dependence in anisotropy energy which is of interest. Kj is about the 
order of 104  for a typical crystalline magnetic material (Cullity [1972] Jiles [1991] and 
Heck [1967]).
Figure 1.2: Definition of the anisotropy energy (shadowed area).
In amorphous magnetic alloys, there is no macroscopic crystal anisotropy, because 
amorphous alloys have only short range order (typically 1 nm). So there will be only 
local crystal anisotropy. On the macroscopic scale, if these local anisotropies are 
averaged out, the total crystal anisotropy will be zero (Luborsky [1983]).
2) Shape anisotropy: In a magnetic field, magnetic poles are produced at free 
surfaces of a material, so there will be a magnetic field (Hj, demagnetising field) inside 
the specimen. This field is oriented in the direction opposite to that of the external applied 
field. The demagnetising field is:
where Nd is the demagnetising factor, which depends on the shape of the sample (Hence, 
the shape of the sample can be a source of the anisotropy). Hd along the short axis of the 
sample is stronger than along the long axis of the sample.
For a rod, the magnetostatic energy is given by:
where 0 is the angle between easy axis and rod direction, and Nx and Ny are the 
demagnetising constants along the rod axis and the radial direction, respectively. The 
anisotropy constant, K,, is:
For a rod-shaped sample, the easy axis is in the direction of the rod axis but magnetisation 
is very difficult in the radial direction. Shape anisotropy depends on y/x (where x is the 
half length of the rod and y is the radius of the rod) ratio which determines Ny-Nx. For 
example, for a material which has Ms=1.3 x 106 A/m and y/x=3.5, IQ is about 3.9 x 105 
Jm'3 (Cullity [1972]).
Hd = NdM (1.5)
(1.6)
Ks = | l i 0(Ny- N x)M2 (1.7)
3) Stress anisotropy: In magnetic materials in their as-prepared states, the internal 
stresses are not always zero, because in the production process, the quenching of the 
materials is not uniform. These internal stresses produce local anisotropies which can 
be reduced by stress-relief heat treatments. Stress anisotropy energy (i.e. magnetoelastic 
energy) can be written as:
Ume = Kasin20 (1.8)
where Kc = (3/2)^^, Gj is internal stress and Xs is saturation magnetostriction (Cuility 
[1972]).
In the case of amorphous alloys, the anisotropy due to the internal stress in the as-cast 
sample can be reduced by annealing. The anisotropy energy can be reduced as low as 
38 Jm‘3 in iron-based metallic glasses (Hodson [1986]).
4) Anisotropy induced by annealing: Magnetic field annealing of materials induces 
an anisotropy in the direction of the field. This anisotropy is not very strong, typically 
of the order of a few hundred Jm‘3 (Luborsky [1975] and [1977]).
When a current is applied to a material, a magnetic field will be created in the 
circumferential direction inside and around the sample. This field induces a helical 
anisotropy in wire-shaped materials and transverse anisotropy in ribbon materials. The 
induced anisotropy due to the current annealing in a typical amorphous alloy is also a 
few hundred Jm'3 (Vazquez [1986]).
Domains and domain wall motion: A ferromagnetic material prefers to be subdivided 
into domains rather than be uniformly magnetised, because a material always wants to 
be in a state in which its total energy is a minimum. A domain is a region where the
magnetisation is uniform and equal to M,, but different domains are magnetised in 
different directions. Therefore, the average magnetisation of a sample could be less than 
Ms, and could even be zero at H=0.
The boundary between domains is called a domain wall where the direction of the 
magnetic moments change gradually from site to site from one direction to another. 
Therefore, a domain wall has a thickness to accommodate the gradual change in the 
magnetic moment direction.
When a magnetic field is applied to a material, the magnetisation changes. Magnetisation 
occurs by either magnetic moment rotation or domain wall motion. Domain wall motion 
can be reversible or irreversible. In crystalline materials, the domain wall moves 
reversibly in very small applied fields. In other words, the walls are displaced by small 
amounts when the magnetic field is applied, but if the field is removed they return to the 
their original positions. At larger fields, the domain wall motion becomes irreversible. 
In this case, the domain walls do not return to their original positions when the field is 
removed. The main reason for irreversible domain wall movement is that the domain 
wall energy is not constant. It varies in an irregular manner because of the variation in 
the local internal stresses. (Jakubovics [1987]).
Curie Temperature: The spontaneous magnetisation depends on temperature. It 
decreases with increasing temperature and becomes zero at a characteristic temperature 
Tc called the Curie temperature.
1.3 Magnetoelastic Properties
1.3.1 Magnetostriction
Magnetostriction can be defined as the change in the material dimensions accompanying 
a change in the magnetic field. Two kinds of magnetostriction occur in magnetic 
materials: volume and linear magnetostriction.
The linear magnetostriction, X, is a function of the magnetisation state of the sample. It 
reaches a maximum at magnetic saturation. X is the result of moment rotation and 90° 
domain wall motions.
The saturation magnetostriction, A*, is the fractional change in the length between the 
demagnetised state of the material and its magnetically saturated state. Typical values 
of Xs for amorphous alloys vary between -10 x 106 and 40 x 106 (Hernando eta l [1988]).
The engineering magnetostriction, Ae, is the strain difference before and after the 
application of a field. Ae is defined as
\  = | \ ( cos20f - cos20i) (1-9)
where 0f is the final angle between the moments and H, and 0; is the initial angle.
1.3.2 Damping
For an oscillating material, the damping can be defined as the ratio of the energy loss 
per oscillation, AU, to the energy at maximum amplitude during one oscillation. It is 
denoted by Q'1, so
(1.10)
where U=a2/2E, a  is the applied stress and E is Young’s modulus.
Magnetic damping can be explained by the superposition of three mechanisms: 
macroeddy currents, microeddy currents and magnetomechanical hysteresis. Eddy 
current losses are a function of the oscillation frequency and are independent of the 
oscillation amplitude. Therefore, eddy current losses are high at high frequencies. 
Magnetomechanical hysteresis loss is independent of the oscillation frequency and 
depends on the oscillation amplitude. Magnetomechanical hysteresis is basically due to 
the irreversible motion of 90° domain walls (Bozorth [1951]).
Magnetic moment rotation and elastic deformation can be coupled by magnetostriction 
to produce magnetomechanical effects such as the AE or AG effects (where E is Young’s 
modulus and G is the shear modulus). The AE and AG effects are related, because E is 
related to G by
where t is Poisson’s ratio. The AE effect is the magnetic field dependence of the Young’s 
modulus due to the magnetostriction. E is defined as the ratio of the stress to the strain. 
The AE effect is a ramification of the property that a change of stress in a material occurs 
when it is magnetised. When a stress is applied to a magnetic material, two kinds of 
strain are produced: magnetoelastic strain, eH, and mechanical elastic strain, e,.. The 
modulus is given by:
1.3.3 AE and AG Effects
E = 2(l+ t)G ( i .n )
(1.12)
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For a saturated sample, the magnetoelastic strain is zero, because no moment rotation 
can occur, so:
Es = r  (1.13)s e
From equations 1.12 and 1.13, the magnitude of the AE effect is defined by:
AE Es- E  £h
(1.14)
where Es is the modulus at saturation. The AE effect in amorphous alloys is much greater 
than that in crystalline materials due to the lack of crystalline anisotropy in amorphous 
alloys.
The magnetic field annealing has a large effect on the AE effect. Figure 1.3 shows the 
effect of the annealing angle on the field dependence of Young’s modulus.
The magnetoelastic coupling constant, k, is a factor which is determined by the fractional 
conversion of the elastic energy into magnetic energy (O’Dell [1982]). It is given as a 
function of Young’s modulus:
1.0 -1
0.9
□ Transverse fie ld  annealed 
o Longitudinal fie ld  annealed 
Fe4oNi40Pi4B6 amorphous ribbon
0 1000 2000 
H (A/m)
3000
Figure 1.3: Young’s modulus of field annealed amorphous Fe4 0 Ni4 0 P 1 4 B6  ribbons as a 
function of applied field (after Moorjani [1984]).
1.4 Amorphous Alloys
Amorphous alloys, also called metallic glasses, were first produced in 1960 by Duwez. 
Different methods were developed to produce amorphous alloys, such as vacuum 
evaporation, ion implantation, cathode sputtering and melt-spinning. It has been found 
that the properties of the amorphous alloys are greatly influenced by the conditions and 
methods of production. The most commonly used production method is melt-spinning.
In this technique, a jet of molten metal is ejected onto the outer surface of a wheel to 
form amorphous alloy in a ribbon shape (Bigot 1985). The ribbons produced are usually 
1-100 mm wide and 25-50 (im thick, with lengths from a few metres up to several 
kilometres in a single run of the system (Overshott [1987]).
Amorphous alloys are produced by quenching liquid alloys at rates of 105-106 K/s so as 
to pass crystallisation and retain the supercooled liquid in the solid state. This structure 
can be simply characterised by lack of the atomic periodicity beyond a few atomic 
distances (O’Handley [1987]). The lack of the atomic periodicity in long range was also 
confirmed by X-ray diffraction studies (Grazyk [1978]).
Amorphous alloys in wire form became available in 1981. Wires were first produced by 
Masumoto et al [1981] using the in-rotating-water melt spinning method.
Amorphous alloys are generally composed of about 80% transition metals Fe, Co or Ni 
and 20% metalloid elements like C, B, P or Si. This gives a large number of alloys with 
different compositions, leading to various values of Ms, Ku, Curie and crystallisation
temperatures and resistivity (Hernando et al [1988]).
As a result of their amorphous structure, metallic glasses have low coercivity, and 
magnetic losses, high susceptibility and low anisotropy. The coercivity can be as low as 
a few A/m, the maximum susceptibility is of the order of 105 and a typical saturation 
induction is about 1 Tesla. Amorphous alloys are very strong materials. At room 
temperature the typical elongation reaches up to 2% under the stress. They show high 
fracture toughness (Anantharaman [1985]).
As-cast amorphous alloys have a large casting stress induced during the quenching 
process. The properties desired for these materials can be obtained by relieving the
-13-
casting stress by different heat treatments such as furnace and current annealing.
1.5 Applications
The applications of amorphous alloys are based on inductance changes in a coil having 
an amorphous alloy as the core. In other words, the effect of the magnetic fields or 
applied stresses in determining the susceptibility of the amorphous alloys makes them 
useful materials for sensor applications. Such effects are directly related to the amorphous 
structure, magnetostriction and atomic mobility. These allow magnetic anisotropy to be 
induced by thermal treatments under the effect of applied field or stress to obtain the 
desired magnetomechanical properties (Luborsky et al [1975]).
Amorphous alloys sensors can be classified into two groups: a) sensors using low 
magnetostrictive alloys, such as magnetic field, displacement and current sensors, b) 
sensors using high magnetostrictive materials, such as transducers, force, tension, stress, 
torsion and pressure sensors. A wide range of force, field, pressure etc. sensors and 
application areas have been given by Hernando et al [1988], Mohri [1984a] and Gibbs 
and Squire [1989]. For example, Squire and Gibbs [1987] and Kilby and Squire [1992] 
used the AE effect to relate the magnetic field to the velocity of shear waves in Fe-based 
amorphous ribbons. The typical properties and application areas for amorphous alloys 
are given in table 1 .1 .
-14-
Effect Explanation Technical Use
Magnetostriction Change in the shape of the 
material with 
magnetisation
In combination with 
piezo-electric elements 
for magnetometers and 
potentiometers
AE Effect Change in Young’s 
modulus with 
magnetisation
Acoustic delay line 
components for magnetic 
field measurements
Magnetoresistance Change in resistance with 
magnetisation
Magnetoresistive sensors
Wiedemann effect A torsion is produced in a 
current carrying rod when 
subjected to a 
longitudinal field
Torque and force 
measurements
Matteucci effect Torsion of rod in a 






Pulse magnetisation by 
large Barkhausen effect
Pulse sensors
Table 1.1: Magnetic effects for sensor applications (after Boll [1989]).
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2 An Introduction to Amorphous Wires
2.1 Introduction
Amorphous wires of various alloy compositions produced to date have been reported to 
exhibit high mechanical strengths (Hagiwara et al [1982a]) and high resistance (Inoue 
et al [1982]) which are at the same levels as those for the ribbon material. Additionally, 
amorphous wires have been found to show some unique magnetic properties, which are 
different from the ribbon materials, owing to a different domain structure caused by a 
different solidification process and speed (Chen et al [1984]).
This chapter will give a brief history of amorphous wires. Some of the magnetic and 
mechanical properties and the effect of stress and heat treatments on the properties of 
the wires will be discussed. Also, some of applications for the wires will be given very 
briefly.
2.2 Production of Amorphous Wires
Amorphous alloys were first produced in ribbon form by the melt-spinning method in 
1960 (Duwez [1967]). In 1980, Masumoto et al [1981] succeeded for the first time in 
producing amorphous wires by the "in-rotating-water melt spinning technique". In this 
technique, cooling rates of 5 x 105 -  1 x 106 K/s are obtained forFe-Si-B wire (Hagiwara 
et al [1982b]). Figure 2.1 shows a schematic illustration of the production system. In the 
production process, the alloy is first melted in an electric furnace before being ejected, 
by high argon pressure through a ruby nozzle, which is at the end of the quartz tube. The 
melted alloy is rapidly solidified by cooling water which is rotating at high speed, and
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a continuous wire is formed. This wire is collected by centrifugal force in the inner side 
of the drum. Typically, the amount of alloy melted in one run is about lg. The maximum 
length of wire fabricated in one ejection operation can be as long as several kilometres. 
Additionally, by changing the inner diameter of the ruby nozzle, wires are produced with 
various diameters in the range 80 to 250|im (Masumoto et al [1981] and Ogasawara et 
al [1990]). The variation in the wire diameter is about 10% for wire approximately 150}im 
in diameter and tends to decrease with decreasing diameter (Inoue et al [1982]). 
Therefore, wire produced by this technique possesses a good uniformity of shape. The 
maximum diameter for the formation of the amorphous wire depends on the composition 
of the wire. Inoue et al [1982] showed that the maximum diameter for Fe-P-C amorphous 
wire is about 230|im and the probability of forming amorphous structure tends to 
decrease with increasing or decreasing phosphorus and carbon contents, because the 
change in the carbon or phosphorus content causes a remarkable increase in the viscosity 
of the molten alloy.
Inoue e ta l [1982] and [1987] have reported that during the production process of wires, 
some quenching parameters affect formation of the wire. The typical quenching 
parameters are: a) the distance from the surface of the water to the end of the quartz 
tube, b) the nozzle size, c) the ejection pressure, d) the temperature of the molten alloy, 
e) the temperature of the cooling water, f) the ratio of the water velocity to the drum 
velocity.
The diameter of a wire can be reduced by cold-drawing or warm-drawing. With 
cold-drawing, the diameter of the wire can be reduced from 150jim to 50|im after multiple 
drawing process. Hagiwara et al [1982a] and Chen et al [1984] have found that the 
application of cold-drawing to wires results in an increase in the homogeneity of the 
wire shape, the tensile fracture strength and the fracture elongation. Wires are so ductile 
that no cracks have been observed on the surface of cold-drawn wires. However,
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cold-drawing has been found to decrease the Young’s modulus (Chen e ta l  [1984]). The 
process also leads to changes in the magnetic properties of the wire due to the internal 
stress induced during drawing.
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12.Supply tube of cooling water
13.Wire specim en
14. Thermocouple
Figure 2 . 1 : The quenching apparatus for the production of amorphous wire, a) front 
view, b) side view (reproduced from Masumoto et al [1981]).
The disadvantages caused by the cold-drawing can be reduced by warm-drawing. Figure
2 . 2  shows the apparatus and the method for the warm-drawing of the amorphous wires. 
In this method, the wires can be drawn at various temperatures and then immediately 
cooled by water (Inoue et al [1986]). The drawing velocity is about 0.25m s'1. Wires can 
be drawn so that the cross-section o f the area is reduced about 40%. Warm-drawing is
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always performed well below the crystallisation temperature; drawing just below the 








Figure 2.2: Schematic representation of warm-drawing equipment (reproduced from
Inoue et al [1986]).
2.3 Mechanical Properties
Amorphous wires exhibit high strength and good bending quality. The typical mechanical 
properties for amorphous wires are shown in table 2.1. Both tensile strength and 
elongation first increase with cold-drawing; further cold-drawing leads to a decrease in 
tensile strength and elongation (Hagiwara et al [1982b]). The maximum tensile strength 









C077_5S1.12.5Bjo 3580 3.0 -
C072.5Si22.5Bj5 3450 3.0 123
F^sSiioBis 3410 2 . 8 119
12.5Q 0 2790 2.7 104
(Fli0.75Si0.08® 0.17)99 All 1730 2.9 115
Table 2.1: The tensile strength, a, the fracture elongation, £f, and Young’s modulus of 
un-drawn amorphous wires (after Hagiwara et al [1982b] and Inoue et al [1987]).
Chen et al [1984] reported that with increasing Fe-Si-B wire diameter from 80|im to 
210|im, Young’s modulus at saturation, Es, increases from 165GPa to 175GPa and also 
that Young’s modulus at zero applied field, E0, increases. However, the AE effect 
(AE=(ES-E0)/E0) decreases from 6 % to 1%. Chen suggested that the increment in Es is 
due to an increase in the degree of structural ordering as a result of a slower cooling 
rate. The decrease in the AE effect is due to the reduction in the areas of 90° magnetic 
domain walls and maze type domains. Cold-drawing leads to a monotonic decrease in 
the Es value of Fe-Si-B wire from 175GPa to 165GPa. The decrease in Es is due to the 
increase in structural disorder.
2.4 Internal Stress and Anisotropy Distributions in As-cast 
Amorphous Wires
The different magnetic behaviours of the as-cast amorphous ribbon and of the wire with
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the same composition can be explained by their different internal stress distributions 
induced during the solidification processes. For ribbons produced by melt spinning, 
there will be a temperature gradient from the wheel surface to the outer surface of the 
ribbon. Therefore, the internal stresses are distributed randomly in the transverse and 
longitudinal directions of the ribbon. In the case of amorphous wires produced by the 
in-rotating-water melt spinning technique, when the molten alloy hits the water first the 
outer shell solidifies, then the inner core solidifies and shrinks. Figure 2.3 shows a 
schematic view of the wire during quenching. As a result of this cooling process, a radial 
tension is created in the outer shell and an axial tensile stress is created in the inner 
core. Mitra and Vazquez [1990a] suggested that the internal axial stress induced by the 
temperature gradient in the inner core is very small. The main cause of the internal stress 
in the axial direction in the inner core is due to the shrinking in this volume of the wire. 
The proposed internal stress distributions for Fe-based and Co-based amorphous wires 
are given in figure 2.4.
As a result of these stress distributions, an axial anisotropy is created at the inner core 
of the positively magnetostrictive wire and an azimuthal anisotropy is created in a 
negatively magnetostrictive wire [Mitra and Vazquez [1990a]). Also, the radial tensile 
stress creates a strong radial anisotropy in the outer shell of the wire with positive 
magnetostriction and a circumferential anisotropy distribution for a negative 
magnetostrictive wire.
The internal stress distribution in as-cast wires has been studied by Liu et al [1990], 
Madurga and Hernando [1990] and Velazquez et al [1991]. Madurga and Hernando 
suggested that the solidification process occurs according to the following conditions:
1) During solidification, the cylindrical shape of the molten alloy is conserved.




W a t e r
Solid
Figure 2.3: Schematic view of the lateral and transverse cross-section of the 
amorphous wire during solidification (reproduced from Mitra and Vazquez [1990a]).
Tensile stress Tensile stress
easyaxis easyaxis
I i
Co wire Fe wire
Figure 2.4: Internal stress distribution and easy axis of magnetisation of Fe-based and 
Co-based wires (reproduced from Yamasaki [1990]).
- 22 -
3) The outer shell solidifies first and solidification propagates with cylindrical 
symmetry towards to the inner core.
4) The source of the internal stress is the non-simultaneous solidification of the 
different shells.
Their mathematical model showed that the tensile stress distribution along the radial 
direction of the wire has a peak around 0.7R (where R is the radius of the wire). This 
can be related to the magnetic remanence, Mp in the wire, which is around (0.7)2M,.
Velazquez etal  [1991] used the classical theory of elasticity to explain the internal stress, 
and therefore the anisotropy distribution in as-cast wire. They calculated different stress 
components by considering the wire as a series of thin tubular shells with solidification 
starting at the outer shell and propagating towards the inner core. The expressions for 
the induced internal stresses are:
or(x,e) = —  ) f —
1 - t  x2
V - £ 2^
v i - e 2,
J  xT(x)dx -  j  xT(x)dx|
a*(x,e) =
f  kE Y l
' V + e 2''
1 - e 2
c 2(x,e) =
(2 .1)
j  xT(x)dx + J  xT(x)dx -  x ^ x )}  (2.2)
y ^ j j ' x T M d x - T w J  (2.3)
where Gr is the stress in the radial direction, is the azimuthal stress, az is the axial 
stress, T(x) is the temperature of the point x ( x=r/R, where R is the radius of the wire
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and r is the cylindrical coordinate), e is the reduced radius, E is the Young’s modulus, 
k is the dilation coefficient and t is the Poisson’s ratio. They also assumed that the 
temperature along the radial direction varies according to:
T(x) = T2 + ((T, -  T2) (logx/loge)) (2.4)
Integration of the equations 2.1, 2.2 and 2.3 gives the stresses in the radial, azimuthal 
and axial directions.
250 T




Figure 2.5: Radial, azimuthal and axial stress distributions (reproduced from
Velazquez et al [1991]).
Figure 2.5 shows the internal stress distributions obtained from equations 2.1, 2.2 and 
2.3. Typical values for amorphous wire are T^MOOK, T2=300K, E=100GPa, t=0.33
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and k=4 x iq - 8 K'1. The magnitude of the internal stress is determined by kE/(l - t )  
multiplied by the average temperature during the solidification process. This gives us 
an order of magnitude of lOOMPa as a maximum stress. Yamasaki [1990] model only 
gives the internal stress direction. Velazquez et al [1991] is very simple model and the 
model cannot explain the existence of inner core and outer shell in as-cast wire. But this 
model give the approximately internal stress values and stress distributions in different 
directions.
2.5 Magnetic Properties
2.5.1 Large Barkhausen Jump
The most striking difference in the magnetic behaviour of the amorphous wires from 
that of ribbons is observed at low magnetic field. An unmagnetised magnetostrictive 
amorphous wire is magnetised only when the applied field exceeds a critical field, H„, 
and magnetisation occurs through the Large Barkhausen Jump (LB J) (Mitra etal [ 1992]). 
The LB J occurs due to the movement of a single domain wall throughout the inner core 
of the wire so that the direction of magnetisation is reversed in the inner core (Yamasaki 
et al [1988]). The typical hysteresis loops are shown in figure 2.6.
The critical field is determined by the domain wall energy and Hn is given by:
Amorphous wires with zero magnetostriction or with very small magnetostriction
the decrease in the wall energy due to the decrease in Xs (equation 2.5), giving rise to a 
decrease in the magnetic field, H,,, forming the reverse magnetic domains (Yamasaki et 
al [1985]). Hjj can be controlled by heat treatments, twisting (Kawamura [1988]) and
(2.5)
(A*<5x lCT6) do not show the LBJ. This behaviour is considered to be associated with
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etching. Mohri et al [1984] reduced the diameter of the Fe81Si4B 14C1 amorphous wires 
from 128Jim to 120|im by etching. At this diameter, F^ slightly decreased. The LBJ 
disappeared when the diameter was smaller than lOOfim. This shows that the stress 
distribution in the outer shell of the wire applies a stress to the magnetically soft inner 
core. Additionally, annealing of the amorphous wires leads to disappearance of the LBJ 
due to the relief of the internal stresses.
The length of the wire also plays an important role. When the length of a 125|im-diameter 
Fe-Si-B wire is smaller than 6 cm, the LBJ does not occur because of the demagnetisation 
effect. This length limitation can be overcome by cold-drawing the wire. But the 
cold-drawn wires do not initially exhibit the LBJ. Therefore, the cold-drawn wires are 
usually annealed under the effect of tensile stress and an axial magnetic field to create 
the inner core. After annealing treatments, the cold-drawn Fe-based wire with a diameter 
of 50|im and 2cm length shows the typical square M-H loop and exhibits the LBJ.
Domain wall propagation in the inner core of the wire has been studied by Mohri et al 
[1984], Kawamura et al [1988], Gibbs et al [1992], Malmhall et al [1987] and many 
others. The domain wall propagation systems are based on the classic Sixtus and Tonks 
method. In this method, the wire is usually placed inside a fine glass tube and two pick-up 
coils are wound around the wire. A large coil is provided to apply a driving magnetic 
field along the entire length of the wire. Additionally, an exciting coil is placed at one 
end of the wire to nucleate the domain wall. When a domain wall is nucleated, it 
propagates along the length of the wire. This leads to voltage pulses in each pick-up coil. 
From the separation, x, of the coils and the time of flight, t, the velocity o f the wall can 
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Figure 2.6: Hysteresis loops of amorphous wires measured at 60Hz a) Fe^BgSi^ wire 
with positive magnetostriction b) (Fe6Co9 4 )7 2 .5Si125B15 wire with zero magnetostriction 
c) C0 7 2 .5 Sij2 .5 Bj5  with negative magnetostriction (reproduced from Yamasaki et al
[1988]).
- 27 -
propagation velocity as a function of driving field. The domain wall velocity increases 
linearly with increasing driving field and is given by:
Vw = 2MS(H -  Hn)/(3 (2.6)
where p is the eddy current damping coefficient. Also, Mohri [1990] proposed that the 
peak value of the voltage induced into the pick-up coil is proportional to the domain 
wall velocity, the number of turns on the pick-up coil and the cross-sectional area of the 
inner core of the wire.
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Figure 2.7: Domain wall propagation velocity as a function of driving field for 
Fe-based and Co-based wires (reproduced from Humphrey [1990]).
2.5.2 Matteucci Effect
The Matteucci effect has been known since 1847. When an AC magnetic field is applied 
to a ferromagnetic wire in a direction parallel to the wire axis, a pulse voltage will be
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generated between the ends of the wire. This voltage is defined as a Matteucci voltage, 
ep, and is expressed in the following equation as:
where (j) is a circular flux in the sample and is the result of VE=-3B/3t. Therefore, any 
change in the magnetisation leads to a Matteucci voltage (Kimura et al [1991]). One of 
the advantages of the Matteucci effect is that a magnetic device can be set up without 
any pick-up coils (Mohri [1990]).
Figure 2.8 shows a pulse generation element using Co-based amorphous wire to which 
an AC voltage is applied. A sharp voltage pulse is obtained through a high pass filter 
which eliminates a sinusoidal voltage component due to the resistance of the wire.
Figure 2.8: Matteucci effect in Co-based wire (reproduced from Mohri [1990]).
The Matteucci voltage is a result of the helical magnetisation component in the wire. 
Kinoshita [1990] proposed that the magnetic moments in the inner core of an amorphous 
wire do not really align in the wire axis direction. According to Kinoshita, the easy axis
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direction in the inner core of the wire is between 40° and 60° to the wire axis direction. 
Mohri [1985] showed that ep is a function of the AC field frequency and of twisting. 
When the wire is twisted ep is greatly changed, e.g. for Fe77.5Si7.5Bj5 amorphous wire 
with a diameter of 125|im, ep is increased from 2mV to 40mV by twisting the wire 0.1 
turn/cm. This improvement is due to the increase of the easy axis angle of magnetisation 
with respect to the wire axis in the inner core of the wire.
2.5.3 Domain Studies
Domain observations of amorphous wires have been performed by Mohri et al [1985], 
Wun-Fogle et al [1989a] and Makino et al [1989] by the Bitter method. The domain 
pictures only give information about domains on the surface of the wires. Co-based 
wires have bamboo-like straight walls and Fe-based wires have maze domain 
configurations. Therefore, it was postulated that Co-based wires have magnetisation 
components in the circumferential direction in the outer shell. From the maze domain 
configuration on the surface of Fe-based wires, it was suggested that the magnetisation 
components are perpendicular to the wire surface in the outer shell. Mohri et al [1985] 
observed that neither wire change their surface domain configuration before and after 
LBJ, so the wires must have a magnetisation component in the wire axis direction in 
the inner core. As a result, a core-sheath domain model was proposed as shown in figure 
2.9.
Mohri et al [1985] also observed that all the zigzag maze domains do not align 
transversely to the wire axis; in fact some of them align in angles ±40°-70° with respect 
to wire axis. This shows that as-cast wire is not uniform along the length and that random 
twisting stresses exist which are induced during the solidification process.
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Figure 2.9: Suggested domain structure for Fe-based wire (A>0) and Co-based wire 
(A<0) (reproduced from Mohri [1990]).
The suggested domain structures in figure 2.9 for as-cast wire do not show any helical 
component, but the observed Matteucci effect indicates that there must be a helical 
magnetisation component in the wire. Although the proposed domain model can explain 
the LBJ and observed domain pictures, it is far from explaining fully the magnetic 
properties of as-cast wires.
The inner core diameter was calculated by Madurga et al [1990a] by assuming that the 
ratio o f the remanent magnetisation to the saturation magnetisation is equal to the ratio 
of the cross-sectional area of the inner core to the total cross-sectional area. For as-cast 
Fe7 7 .5 Si7 .5 Bj5  wire this ratio is 0.5, which gives the radius of the inner core -0 .7  times the 
wire radius.
Wun-Fogle et al [1989a] and Letcher et al [1991] studied the domain structure of 
transversely field annealed Fe7 7 5 Si7 5 B 1 5  wire. The wire was annealed at 475°C in a 
magnetic field of 624 kA/m directed normal to the wire axis. Straight lines perpendicular 
to the wire axis were observed on the polished surface of the annealed wire. The typical 
spacing between the lines is ~7- 10|im. Also, some maze domains were observed and the 
M-H loops of field annealed wires show Barkhausen Jumps at low field. This indicates 
that there are still residual stresses and that the anisotropy induced by field annealing is 
not high enough to create an easy axis in radial direction. From the domain pictures and 
observed Barkhausen Jump, Savage [1990] proposed a domain structure for field 
annealed wire (figure 2.10). According to this domain structure, the outer shell has 
transverse domains and the inner core has longitudinal domains.
Figure 2.10: Model for domain structure in transverse field annealed Fe-based 




2.5.4 Some Other Magnetic Properties
One of the main advantages of amorphous wires is that the magnetic properties vary 
considerably and smoothly with the composition and the annealing history of the wire. 
Therefore, it is possible to tailor the magnetic behaviour to that required for a particular 




M/M,. K (Jm‘3) K
(xlO-6 (MPa)
Fe72.5Si12.5B 15 1.30 0.498 2 2 0 0 25 60
(Fe0.6oCo0.40)72.5Sil2.5®15 1.18 0.476 1700 16 73
(Fe0.2oCo0.8o)72.5Sil2.5®15 0.79 0.496 580 5 80
CO72.5Sq2.5Bj5 0.64 0.313 240 -3 54
Fe78Si9B 13 1.45 0.456 3100 35 60
Fe^CrjSqB j3 1.51 0.448 2 0 0 0 32 43
FeggCrjoSqB^ 0.82 0.469 720 8 61
Fe75Si10B 15 1.43 0.431 3700 32 78
(Fe0.98Nio.02)75Sil()Bi5 1.42 0.455 4000 30 91
(Feo.8gNio,2)75SiioBi5 1.17 0.450 2300 24 65
Table 2.2: Magnetic properties of amorphous as-cast wires (reproduced from Mohri
[1990]).
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The M-H loops of Fe-based wires vary greatly with applied magnetic field and sample 
length. As the length of the wire decreases below 6 cm, inverse domains form at the ends 
of the wire leading to variation in the domain structure and H<. with the sample length.
reaches a stable state after a critical length (Ogasawara [1987]). Cold-drawing leads 
to huge increases in Hc and anisotropy constant, K values, because cold-drawing 
introduces a considerable irregular internal stresses (Manabe et al [1988]). Mitra et al 
[1992] found that the behaviour of Hc is mainly determined by the relative influence of 
the internal and external stresses. At low external stresses, He is determined by internal 
stress but, when the external stress becomes much bigger than internal stress, Hc increases 
linearly with increasing external stress. It has also been reported that twisting of the wire 
causes an increase in the Hc value for Fe-based wires (Sushita et al [1985]).
Kinoshita et al [1986] and Malmhall et al [1987] studied the effect of the external stresses 
on the M/Ms. They found that with applied tensile stress, the M, value of Fe^ 5Si7 5B15 
wire increases and reaches Ms after a critical tensile stress value of ~400MPa. At zero 
applied stress M/Ms is about 0.5, M, decreases with applied compressive stress, becoming 
zero when the applied compressive stress is about 60MPa.
Susceptibility measurements on amorphous wires were reported by Mitra et al [1990a]. 
The effect of tensile stress on the normalised inverse AC susceptibility, xJXg, (where %a 
is the susceptibility at remanence at applied stress, a, and %r is the susceptibility at 
remanence at zero stress) was studied. decreases at lower stress values. When the 
applied stress is about 275-300MPa, %J%a starts to increase rapidly for Fe-Si-B and 
Fe-Co-Cr-Si-B wires. The sudden increase in susceptibility is due to the increase in the 
axial anisotropy and the reduction of the perpendicular anisotropy. After a critical stress 
value the remanent magnetisation reaches the saturation magnetisation value and then 
the susceptibility starts to decrease with increasing applied stress. In the case of 
non-magnetostrictive Fe-Co-Nb-Si-B wire, xJXa decreases with increasing stress.
-34-
Heat treatments on the amorphous wires are found to be effective above 350°C. Below 
this temperature, the internal structural relaxation has almost no influence on the 
magnetic properties. Even after six months annealing at 200°C no change was observed 
in the magnetic properties (Ogasawara [1987]). Konno and Mohri [1989] studied the 
effect of annealing on the induced anisotropy, Ku, by stress for F e^ S i^ E ^  wire. They 
reported that annealing leads to a large variation in the Ku value. When the wire is 
annealed at 400°C, the Ku value firstly starts to decrease from 3000 Jm'3 and it reaches 
a minimum of 1000 Jm'3 after annealing for 5 hours at this temperature. Further annealing 
increases the Ku due to partial crystallisation.
The current annealing dependence of magnetic parameters such as Hc and M, has been 
studied by Gonzalez et al [ 1991 ]. Current annealing first gives rise to a gradual relaxation 
of the internal stress, as can be deduced from the decrease in H<. and increase in M,. When 
a magnetic material is current annealed a helical anisotropy is induced into the material, 
depending on the current intensity and material properties. Gonzalez proposed that a 
very short current anneal does not induce any helical anisotropy into Fe^ 5Si7 5B 15 as-cast 
wire. When the wire was pre-annealed, it was observed that a helical anisotropy was 
induced from the beginning of the current annealing. Annealing of 125pm diameter 
F e^ S i^ B ^  wire with a 550mA current for 1 minute leads to complete stress relief. 
Further annealing induces a helical anisotropy of ~50 Jm'3. Moreover, for a longer 
annealing time the helical anisotropy is found to saturate. This temperature behaviour 
of the induced helical anisotropy can be related to the internal stress in the wire. According 




The induced anisotropy of amorphous alloys is mainly magnetoelastic in origin. As a 
result, the magnetic properties depend very much on the magnetostriction constant. So 
accurate determination of the magnetostriction constant is important in order to 
understand magnetic materials. Magnetostriction of ribbon materials has been studied 
comprehensively. But, because of the shape of the wire it is very difficult to perform the 
direct measurement of its magnetostriction. The saturation magnetostriction of wires has 
been measured by Madurga etal [1990b], Yamasaki et al [1990b] and Mitra and Vazquez 
[1990b] using small angle magnetisation rotation method (SAMR). In this method, the 
rotation of the small angle of magnetisation is obtained by application of a small 
amplitude AC field, Hy, and a high bias field, perpendicular and parallel to the wire 
axis, respectively. The bias field must be high enough to saturate the sample. The induced 
voltage due to the change in the magnetisation is detected by a pick-up coil wound around 
the wire. The second harmonic of the voltage is given by:
v 2f = c “ ^  (2 -8 )
where Hk = (S^ayCPoMj.) is the stress induced anisotropy field, Hymax is the amplitude 
of the AC field, Hy, and a  is the applied tensile stress. The variation of a  leads to a change 
in the pick-up coil voltage, Vef, due to the change in Hk. In order to keep Vef constant 
as a function of a, is modified. The modified value of Hz directly gives the anisotropy





Mitra and Vazquez [1990b] measured X& for low magnetostriction wire of nominal 
composition (F e^ C o^ jN bj^S i^ B ^ . It is about 2.1 x 10-7 for the as-cast state. The 
wire was then annealed at 450°C. It was found that A, increases with annealing time and 
reaches a maximum of 8x10~7 after 30 minutes annealing. With further annealing at this 
temperature, Xs decreases. They assumed that the decrease in Xs is due to the development 
of microcrystalline structure inside the wire.
Yamasaki et al [1990b] measured the compositional variation of Xs of Fe-Co based 
amorphous as-cast wires using the S AMR method. Xs of 32.9 x 10~* and -2 .6  x 10-6  were 
measured for Fe75Si1oB15 and C072.5Sq2.5Bj5 wires, respectively. The composition 
variation of Xs for (Fe1.xCo1.x)75Si10B15 was also measured and it was found that X,. 
decreases with increasing Co content and becomes zero around x=0.95.
Clark and Wun-Fogle [1989] measured the field dependence of magnetostriction, Xe, for 
transverse field annealed Fen 5Si7 5B15 wire- A magnetic field of 624 kA/m was applied 
during the annealing. Xe at saturation for the wire field annealed at 450°C is 23 x KT6 
and Xe for the wire field annealed at 475°C is 28 x KT6. Assuming the transverse field 
annealing was successful and X={2>l2)X&y They obtained the A*=15 x KT6 and 19 x KT6 
for 450°C and 475°C field annealed wires, respectively, which are considerably lower 
than the values usually reported.
Konno and Mohri [1989] and Konno et al [1990] measured the anisotropy constant and 
A high compressive stress ~40MPa was applied to induce an easy axis in the radial 
direction of the wire (figure 2.11). As a result, magnetisation occurs only by moment 
rotation with the applied field parallel to the wire axis.
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Figure 2.11: Compressive stress dependence of 60Hz hysteresis loops for as-cast 
Fe7 7 5 Si7  5B 15 wire (reproduced from Konno and Mohri [1989]).
Figure 2.12: Magnetisation rotation model for Fe based amorphous wire under the 
effect of compressive stress (reproduced from Konno and Mohri [1989]).
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Figure 2.12 shows the proposed moment rotation model where M is the magnetisation 
vector, 0  is the angle between the magnetisation and the wire axis, 0 O is the angle between 
the wire axis and the induced easy axis, o is the tensile stress and a ’ is the compressive 
stress. 0  and 0 O are given by:
0 = cos“'(Bm/Bs)
0O = cos_1(B/Bs) (2.10)
at a = a ’=0. Br is the remanent flux density, Bs is the saturation flux density and Bm is the 
maximum flux density in the magnetic field with amplitude Hm. Ku and A* are obtained 
from the minimisation of the total energy. The anisotropy energy is -K ucos2(0o -  0), the 
magnetoelastic energy is -(3/2)Xscjcos20 and -(3/2)^so ’sin20 and the magnetisation 
energy is -MsHmCos©. Ku is given by:
MsHmsin0
^  =  ^ 2 ( 0 ^ 6 )  ( 2 ’11}
at o = a ’=0. For negatively magnetostrictive wire,
K„sin2(0o -  0) -  MsHmsinO
(3/2)osin20 ( ' '
at o ’=0. For a positively magnetostrictive wire,
,  K,sin2(Q0-Q )-M sHmsinQ
-(3/2)0’sin20 ( ‘ }
0 and 0O were calculated from the Br and Bm values which were obtained from the 
hysteresis loop. By using equations 2.10, 2.11 and 2.12, was calculated.
Figure 2.13 shows the calculated Xs values as a function of annealing time. During the 
annealing treatments, the annealing temperature was kept at 400°C or 450°C while the 
annealing time was varied from 1 hour to 6  hours. Xs was measured to be -35  x 1 0 -6 for 
as-cast Fe77 5Si7 5B 15 wire. It was observed that Xs increases with annealing time and
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reaches a maximum of 4 1  2  x 1CT6  f°r a w r̂e annealed at 400°C for 3 hours. starts to 
decrease with further annealing. The change in Xs as a function of annealing temperature 
is about 15% which is very large change in ^s. Our measurements showed that the total 
change in as a function of annealing time is not bigger than 2% (see chapter 5). 
Therefore, magnetostriction measurement method used by Konno is not a good way to 
measure Xs. We assume the largest error in their measurement is due to the friction 
between wire and glass tube.
fr e 7 7 .S ^ ‘7 .sB lS W40CTC 
W450°C
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ANNEALING TIME t a n . ( h r )
Figure 2.13: Magnetostriction of Fe7 7 5 Si7  5 B 1 5 amorphous wire as a function of 
annealing time (reproduced from Konno and Mohri [1989]).
2.7 Magnetoelastic Wave Propagation and Magnetoelastic Properties
Magnetoelastic wave (MEW) generation and propagation in Fe7 7 5 Si7 5 B 1 5  amorphous 
wires was studied by Kakuno et al [1987],[1989] and [1990]. The MEW was generated 
by a driving magnetic field which was created by passing a tone-burst current pulse
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through a driving coil. The generated MEW is propagated up to a detection coil. The 
amplitude of a propagated wave is given as a function of distance by:
U = U0exp(-ocx) (2.14)
where U 0 is the initial amplitude at the beginning, a  is the attenuation coefficient and x 
is the propagation distance. Comparison of the results obtained for the as-cast ribbon 
with a similar composition with wire showed that the attenuation coefficient for the wire 
is much lower at higher field, a  is about 6.7 m'1 at H=0 and 1.5m 1 at H=11 kA/m. The 
MEW propagation velocity is 4700 m/s at H=0.
Kokuno observed in as-cast wire that the main wave under investigation was followed 
by anomalous waves which greatly deteriorate the frequency characteristic of the main 
wave. It was suggested that scattering centres are the sources of the anomalous waves. 
These scattering centers are induced during the production process and exist throughout 
the wire volume. Cold-drawing was found to be very effective in removing scattering 
centers. Although the anomalous waves vanish after cold-drawing, the generation of 
MEW was then found to be very difficult. This problem was solved by partial annealing. 
A small region of the cold-drawn wire was annealed and a region highly sensitive to the 
driving magnetic field was obtained. As a result, this small region serves as an excellent 
source for generating the MEW.
The change in the MEW propagation velocity, V, as a function of applied magnetic field 
is shown in figure 2.14 (Kawamura et al [1989]). The change in V ,Vmin/Vsat is the 
minimum value of velocity and Vsat is the velocity at saturation) is very small for as-cast 
Fe77 5Si7 5B 15 amorphous wire with a diameter of 125|im. When the as-cast wire is torsion 
annealed the change becomes slightly bigger. Vmin/Vsat is largest (-0.88) when the wire 
is torsion annealed after cold-drawing. The variation in the velocity of the propagated 
MEW is due to the AE effect, because the V is function of Young’s modulus: V = VE/p.
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Wun-Fogle et al [1989b] measured the magnetomechanical coupling factor, k33, as a 
function of applied field for the transverse field annealed Fe7 7 5 Si7  5 B 1 5  amorphous wire. 






Figure 2.14: MEW propagation velocity for Fe^sSi^B^ amorphous wire as a 
function of applied field, circle is as-cast wire, triangle is torsion annealed un-drawn 
wire, square is torsion annealed after cold-drawing (diameter is 50fim) (reproduced
from Kawamura et al [1989]).
2.8 Applications
Since the magnetic properties of amorphous wires are different from any other materials, 
for example large Barkhausen jump, Matteucci effect and domain wall propagation, the 
wire are useful in many applications. Table 2.3 shows some properties and application 
areas o f amorphous wires.
- 42 -
The advantages of amorphous wires as sensor materials are as follows,
1) High tensile strength (3580 MPa which is as high as the best hard drawn piano 
wire). This makes it possible to introduce the high stress in the wire without breaking 
(Hagiwara et al [1982b]).
2) High electric resistivity (130 p,ohm-cm) which is useful in quick response sensors 
(Hagiwara et al [1982a]).
3) High magnetostrictive properties which makes them useful as in stress sensor 
and transducer applications.
Property Application
Domain wall propagation Distance sensor 
Signal wave generator
Pulse generation Rotation speed sensor 
Magnetic card reader
High harmonics generation Security sensor 
Transponder
Bistable flux reversal Magnetic field sensor 
Magnetic switch
Matteucci effect Digitiser
Table 2.3: Properties and application of amorphous wires (after Mohri [1990]).
-43-
3 Theory
3.1 Temperature Dependence of Some Magnetoelastic Parameters
Amorphous alloys, usually obtained at high quenching rate (~106 K/s), possess a large 
frozen-in structural disorder. Amorphous alloys are in a metastable state. Therefore, 
when they are annealed below their crystallization temperature they relax towards a more 
stable structure. The rate of the changes in the structure of the amorphous alloys at low 
temperatures is slow enough to be observed experimentally. Annealing of amorphous 
alloys around and above the crystallization temperature leads to irreversible changes in 
all properties.
In this section the relaxation of non-magnetic properties of amorphous alloys, such as 
peak value of damping and shear modulus (and therefore Young’s modulus) will be 
discussed.
At the atomic level the local elastic constants vary from site to site. Therefore local 
compliances are also not homogeneous and non-linear effects become important. The 
shear modulus measurements by Egami [1984] showed that there are two types of 
temperature dependence of shear modulus. At low temperatures, G depends upon 
temperature only weakly, whereas, at high temperatures G values depend more strongly 
upon the temperature, as given by:
G(T) = G(0) (1 -  T/Tg’) (3.1)
where G(0) is the shear modulus at OK and Tg’ is the upper glass transition temperature 
(figure 3.1). The extrapolation of the theoretical curve to high temperature indicates that 
G=0 at around Tg* (~1500°C). Also, the extrapolation to low temperatures gives a value 
of G about 25% higher than the room temperature value. Each amorphous alloy has a
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certain crystallization temperature ,TX; when the annealing temperature reaches Tx, the 
modulus value increases. Therefore, the behaviour of G above Tx does not obey equation 
3.1. The increase in G with crystallisation is due to the increase in density in the crystalline 
state. In an ideal crystalline material, under the effect of shear stress, the displacements 
of the atoms are forced in distinct crystallographic directions. In amorphous alloys, shifts 
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Figure 3.1: Temperature dependence of f2 (f is frequency of the torsional oscillation 
and is proportional to G with the relationship; G=cf2, where c is constant). The high 
temperature extrapolation shows that G=0 near Tg’ (reproduced from Mori to and
Egami [1984a]).
Damping (or internal friction) properties of amorphous alloys have been studied by 
Morito [1983], Morito and Egami [1984a] and [1984b], Lu et al [1990] and others. 
Morito and Egami [1984a] and [1984b] showed that Q 1 is a relatively weak function of
- 45 -
(b) Co,3 s<vo
Pf»EAWW£ALEO AT JOCTC FO* S 2 b t_  
*1880*
F*£AMN£ALED AT JOCTC F08 72 hr _
temperature. Annealing first increased Q*1, which then saturated to a finite value. Further 
annealing reduced Q'1 due to the partial crystallisation. The change in Q'1 was attributed 
by Morito and Egami to the atomic rearrangement in local units.
3.2 Magnetoelastic Properties
Magnetoelastic phenomena were known and studied in crystalline materials more than 
a hundred years ago, long before the amorphous alloys were discovered. The simple 
explanation of these phenomena can be given in terms of an interaction between stress 
and the configurational arrangement of magnetostrictively deformed domains and 
magnetic moments. In this section we will discuss magnetostriction, damping, AE, AG, 
pole effects and very briefly magnetoelastic coupling factor.
3.2.1 Damping
There is a loss of energy associated with the elastic vibration of any material. The ratio 
of this energy loss per cycle, AU, to the energy at maximum amplitude during a cycle, 
U=o2/2E, is defined as damping (equation 3.2).
i _  Energy Loss per Cycle AU
Total Vibrational Energy U
It has been shown that the damping of ferromagnetic materials is considerably higher 
than that of non-magnetic materials because of the additional losses associated with 
irreversible domain wall movements (Cochardt [1959]).
There are many ways of taking measurements of damping. One of the fundamental ways 
is to determine the change of oscillation amplitude as the oscillation of the system dies 
out. This method is usually used in the torsional vibration system, the vibrating reed
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system and the pulse echo system. The details of damping measurements for torsional 
vibration are given in chapter 4. In the vibrating reed system the amplitude is detected 
by an amplitude discriminator and a pulse counter (Kobelev [1987]). Damping can also 
be determined by resonance and antiresonance method and it is given by the following 
equations:
i Afw
Q T ' = - f  (3.3)
i 1 AfA
Q  = V T T  (3 -4)
where Afw is the frequency band width at 0.7 of resonance frequency peak amplitude, f, 
and fA is the frequency band width at half maximum of the f  peak amplitude (Bozorth 
[1951]).
Magnetic damping can be expressed by a superposition of the following three 
mechanisms: macroscopic eddy currents, Q 1̂ ;  microscopic eddy currents, Q'!m; and 
magnetomechanical hysteresis, Q_1h (Kobelev et al [1987], Bozorth [1951] and Nowick 
and Berry [1972]), according to the relation:
Qt =Q-JE+Q_m, +Qh1 (3.5)
where Q_1T is the total magnetic damping.
3.2.1.1 Macroeddy and Microeddy Current Losses
Kersten [1934] was the first to suggest that an important part of the damping in
ferromagnetic materials is due to the eddy currents caused by the alternating
magnetisation. For a typical sample magnetised to an induction B0 and subjected to a 
small stress a, the total change in the induction will be:
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B = B0 + oca, a  = dB/do (3.6)
If a  is changed periodically with time, there will be a periodic change in flux which will 
induce eddy currents opposing the change in flux and leading to an energy loss. The 
macroeddy current loss was given as a function of H by Kobelev and Soifer [1986]:
r\-1 * /Tt\ ^Me(H)
Q — ^AmevH) /tj\\2 (3*/)
I + CcoXmeCH))2
where co is the angular frequency of the oscillation, AME is the degree of the relaxation 
dependent on the magnetic field and Tme = Aa2/D. D = p/47t|i0|iT; A is a coefficient of 
the order of unity dependent on the shape of the sample and the nature of the vibration; 
a is the characteristic size of the sample (e.g. ribbon thickness); p is the electrical 
resistivity of the material; is the magnetic permeability.
The microeddy current loss is due to induced currents on a local scale. It is also given 
by equation 3.7, but in this case zm = Al2/D, where 1 is the characteristic size of the 
magnetic domain. Microeddy current depends on the domain structure of the material 
because the local change in magnetisation is not identical to the macroscopic change in 
magnetisation of the whole sample.
According to equation 3.7 both microeddy and macroeddy currents are functions of 
frequency. Therefore, at low frequencies the effect of eddy current losses is very small. 
Also, both are independent of the stress amplitude (Bozorth [1951]).
3.2.1.2 Magnetomechanical Hysteresis
Magnetomechanical hysteresis damping (hereafter MHD) depends on the amplitude of 
the oscillation and is independent of the oscillation frequency. MHD is basically due to 
the irreversible motion of 90° domain walls. MHD was discovered by Becker and
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Kornetzki [1934]). They showed that under the influence o f an external mechanical 
stress, domain walls move as they do under external magnetic field. The energy lost 
during a stress-strain cycle is called magnetomechanical hysteresis loss. Bozorth [ 1951], 
Cochardt [1953] and [1954], Smith and Birchak [1968], [1969], [1970] and [1972], 
Degauque and Astie [1980] and Motogi [1982] have attempted theoretically to explain 
MHD on the basis of shape of the magnetomechanical hysteresis loop (figure 3.2) and 
irreversible motion of 90° domain walls. The area of the stress-strain loop is equal to 
the energy loss per unit volume during a complete cycle. It was shown that this loop 
follows a type o f mechanical Rayleigh’s law at small stresses since the energy loss 
increases with the third power of the stress,
AU =  D o 3 (3 .8)
Figure 3.2: An example for a typical magnetomechanical hysteresis loop (after
Nowick and Berry [1972]).
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Kornetzki [1943] tried to obtain magnetomechanical damping as a function of torsional 
strain by relating the area of the mechanical hysteresis loop to the area of the magnetic 
hysteresis loop. The magnetic Rayleigh’s law connects the magnetic field, H, and 
magnetisation, M, with the following equation:
M = xoH + 2dH2 (3.9)
Xo is the initial susceptibility and t) is the magnetic hysteresis constant. For small fields 
AU is given by:




AU = - u —  (3.10)
It was assumed that the magnetisation changes as a function of stress according to the 
relation:
Xyr ^  ^ s% o  /"3 1 1 \
M ‘ m °  ( 3 ' n )
The energy loss can be obtain by replacing M in equation 3.10 by the expression in 
equation 3.11. This gives:
243 •Q̂ 3 
64 M:
Z 5 o
AU = — ^ o 3 (3.12)
From the definition of damping (equation 3.2) and a  = Ee, Q*1 can be obtained:
, 486 t>X3E2
Q = « i i r e  ( 3 1 3 )
Equation 3.13 shows that damping should increase linearly with increasing torsional 
strain, e at lower values e. This has been observed for all the ferromagnetic materials.
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At higher e values, the proportionality between Q'1 and e as given by equation 3.13 must 
be expected to break down for the reason that AU no longer obeys equation 3.10 (Cochardt 
[ 1959]). If the material is strong enough and the magnetomechanical coercive force small 
enough to realize saturation, AU reaches a maximum value at this point and becomes 
independent of £ and AU should subsequently decrease as the inverse square of £ (Nowick 
and Berry [1972]). This has been observed for various ferromagnetic materials (Sumner 
and Entwistle [1959] and Frank and Ferman [1965]).
MHD behaviour has been explained by Cochardt [1953] in terms of critical stress, Gc. 
He assumed that the larger the area of the mechanical hysteresis loop the higher the 
damping peak. The energy loss for small stress is given by equation 3.8. For stresses 
larger than the critical stress, the area of the hysteresis loop remains the same. For this 
case AU is equal to a constant and is expressed by:
where K is a constant which depends on the shape of the mechanical hysteresis loop. 
The definition of the damping leads to the equation:
xc is the critical torsional stress and x is the torsional stress. This inverse square inverse 
decrement given by Cochardt is not, however, generally well obeyed. For iron-based 
materials, Smith and Birchak [1968], [1969] have shown that a more linear decrease 
exists. They explained the magnetomechanical damping behaviour in terms of the local 
average internal stress, Gloc, distribution according to the expression:
where C and a are constants. Smith and Birchak considered the cases for n=l and n=2. 
They also assumed that the energy loss, AU, depends on the average internal stress, a i5
AU = K (3.14)
Q”1 = 2GK^S— 1 (3.15)
N (o ,J  = Colooexp(-acO (3.16)
which opposes the domain wall motion and that the N(oloc) and AU functions have to
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satisfy three conditions:
1) N(oloc) should satisfy:
f~N (al0C)dal0C= l  (3.17)
Jo
2) For small stresses, the energy loss must satisfy mechanical Rayleigh’s law:
J0°AUlocN(oloc)doloccc o3 (3.18)
3) At larger stresses, the energy loss must saturate:
AU = f “AUlocN(oloc)doloc = KA.O; (3.19)
Jo
Where K is a dimensionless constant that depends on the shape of the stress-strain loop. 
Equations 3.17 and 3.19 yield values for C and a in equation 3.16. N(aloc) can then be 
written as:
N(Gioc) = 3 ° io c exP (-2 a loc/CTi) (3.20)
To explain the effects of the magnetic field or applied tensile stress, Smith and Birchak
substituted (of + o2)1'2 for o { in equation 3.20, where o  is the applied tensile stress or 
equivalent for H. By renormalizing N(aloc) and inserting it into equation 3.19, AU can 
be calculated. From the definition of the damping (equation 3.2):
2 K X  E 1
Q~' = 0 S S1 + w 2 { d  -ex p (-2 y )(l + 2 y +  2y2))/y2} (3.21)
where
x ™ °  e y = --------------- —, W=—, x = —
{1 +  (O/Oj)} Oi £i
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Figure 3.3: Smith and Birchak model curves for the influence of different values of a
on the damping: Curve (1) OMPa, (2) 0.5MPa, (3) IMPa, (4) 2MPa, (5) 3MPa, (6) 
6MPa. For Es=160GPa, A.s=30ppm, K=0.02 and aj=2MPa (after Smith and Birchak
[1969]).
Setting dQ Vdx = 0, to find position of maximum damping, leads to a relationship to fit 
the theory to experimental data:
x(Q;’j  = 0.7256(1 +W 2)W (3.22)
and
. 2 K l f i s l
Qmax = 0-34 — ------  T  (3-23)o, (1+W 2)
To see the effect of the applied magnetic field, Smith and Birchak assumed that a  can 
be replaced by 2|i0HMs/3Xs.
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The behaviour of the damping peak of magnetic materials as a function of magnetic field 
or tensile stress cannot be fully explained by the Smith and Birchak model, because the 
effect of field and stress on domain walls is represented as a random function. The model 
does not consider either domain structure or the angle between easy axis and H or aeff. 
As a result the Smith and Birchak model can only give the lowering of maximum 
damping value with increasing H or oeff.
The theoretical model for damping of Degauque and Astie (DA) [1980] assumes that, 
for a twisted ferromagnetic wire Q'1 is proportional to the ratio of the remanent torsional 
strain, e,, to e.
1 = AU = £r 
W U e
(3.24)
e,. is proportional to the number, S, of the 90° domain walls which perform irreversible 
jumps per unit volume. S is determined by the domain wall energies and positions. DA 
also proposed that the maximum and minimum levels of restoring force, dW/dx (where 
W is domain wall energy and x is domain wall position) are given by the following two 
equations:





(  a \
(3.25)
where,
dx /  max = Y
dW
dx J  max dx /m in =  P
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with the mean values:
dW 
v dx y
= -Y J  
y 2
By coupling the two function of equation 3.25, they obtained the maximum and minimum 
distribution function of dW/dx
N(y,P) = N(y)N((3) (3.26)
The equilibrium position of the domain wall is determined by the condition:
dW
—— = +(Y + Z) (3.27)
dx
where Y+Z represents the external force which acts on the domain wall. Y is proportional 
to the applied field,
Y = V2|y0MsH cos a  (3.28)
where a  is the angle between H and the easy axis of magnetisation. Z is proportional to
the torsional strain,
Z = |x .sGecos20 (3.29)
where 0  is the angle between the mechanical stress and the easy axis.
The occurrence of the irreversible jumps is closely connected with the extreme values 
of the stress and the field. For simplicity, we consider a 90° domain wall located at 0 at 
equilibrium in the absence of any external forces (figure 3.4). The effect of the field and 






Figure 3.4: (a) Representation of a typical complete cycle of a torsional oscillation, 
(b) Domain wall movement under the influence of torsional strain and magnetic field
(after Degauque and Astie [1980]).
a) With applied field the wall moves from position 0 to position 1,
b) In the first half of the cycle the domain wall performs an irreversible jump (b) to 
position 2. Then it goes to the position 3 with further increase in the amplitude of the 
oscillation (therefore e)
c) In the second half of the cycle, the wall relaxes to position 4 and later an opposite
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jump (d) takes place. The wall goes to position 5 and then 6  with further decrease in the 
amplitude of the oscillation.
d) When a whole cycle is completed the domain wall comes back to position 1 again.
All these steps take place if:
Y < y < Y  + Z 
y - Y  < p< y - Y  + Z 
The remanent torsional strain is given by:
1 r Y+Z r y - Y+Z
er = C S = -  dy N(y,p)dp (3.30)
Z J  Y J y - Y
where C is the correction factor (C -l/Z) which takes into account that after the first 
movement some walls reach positions from which irreversible jumps cannot be 
performed during subsequent cycles. From equations 3.24 and 3.30, Degauque and Astie 
obtained an expression for the function \|q = 7 Q"1. When this is plotted against Zl 
(Zj = Z/y) the damping goes to negative values at small levels of Zly which is incorrect. 
We therefore re-derived the damping equation using the same conditions as used by 
Degauque and Astie. tjq was obtained as:
= ̂ “ exp(-2Yj) {-4  exp(-Z,) (3Y,(3Z, + 4) + 3Z, + 5) 
-4exp(-3Z,) (3Y,(3Z, + 4) + 9Z] + 15Z, + 5) 
+4exp(-4Zj) (6Y,(3Z, + 2) + 18Z^+ 18Z, + 5) + 4 (12^  + 5)} (3.31) 
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Figure 3.5 Theoretical variations of \\fx for different Yx (curves were obtained from
equation 3.32): curve (1) Y,=0, (2) 0.25, (3) 0.5, (4) 0.8, (5) 1.5, (6) 2.5.
Figure 3.5 shows \jq against e for some values of Y  ̂According to figure 3.5, external 
forces play two important roles: 1) For a given amplitude of oscillation, e can trigger a 
certain number of wall movements at H=0. Once the field is present, e can trigger an 
even greater number of irreversible jumps. 2) Gradually, the field itself becomes capable 
of triggering more irreversible jumps. In this case, torsional strain can only provoke 
reversible movements of domain walls and therefore the peak value of the damping will 
be less.
3.2.2 Magnetostriction and Elastic Moduli
When a magnetic field is applied to a magnetic material, the body of the material elongates 
or contracts. This phenomenon is known as magnetostriction. It is given by:
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A/ is the total change in the length of the sample and / is length of the sample in the 
demagnetised state.
The field dependent magnetostrictive strain, sometimes called the engineering 
magnetostriction, ^e, is related to \  by:
3A, 
\  =  —  - (cos2ef -  cos20,) (3.33)
where 0f is the final angle between the magnetic moment and H and is the initial angle. 
Field dependence of Xe is shown in figure 3.6 for various anneal angles.
Figure 3.6: Normalised engineering magnetostriction against reduced field h for
various annealing angles (reproduced from Squire [1990]).
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The change in magnetostrictive strain with magnetisation leads to a change in both 
Young’s modulus and shear modulus. When a stress is applied to a material two kinds 
of strain take place in the material: a) Magnetoelastic strain eH, due to moment rotation, 
and b) elastic strain. When a magnetic material is saturated the change in magnetoelastic 
strain is zero, because the moments do not rotate further. The modulus as a function of 
the stress is given by:
e  =  7 T T  <3 3 4 )
£ s +  £ H
and at saturation:
E, = f  (3.35)
From equations 3.34 and 3.35:
AE Es- E  eH
t = — ( 3 3 6 )
This is known as the AE effect. AE effect in amorphous alloys is much bigger than that 
in crystalline materials. The maximum change in modulus observed in crystalline 
materials is a few percent(~10 percent). Due to the lack of crystal anisotropy in 
amorphous alloys, the change in the modulus as a function of field is much bigger (-80  
percent). The AE effect also depends on the composition of the material (Table 3.1).
Magnetic annealing can produce a striking effect on the field dependence of Young’s 
modulus, E(H). Thomas [1991] studied the effect of field annealing on E(H) and 
magnetostriction on Fe^Ni^I^o amorphous ribbons. The annealing field direction was 
varied from 0° to 90° with respect to the ribbon length. As a result, an easy axis in the 
desired direction was obtained. Figure 3.7 shows the effect of the annealing angle, 0, on 







0 160 50 42
2 179 42 38
4 160 15 49
6 155 16 52
8 165 28 43
1 0 147 19 28
Table 3.1: Magnetoelastic parameters of the series (Fe0 79Co0 2i)75+xSi15.1 .4x® 10+0.4x 
(reproduced from Gutierrez et al [1989]). 
angle and that larger angles lead to larger changes in E(H). He also showed that the 
magnitude of the engineering magnetostriction, (field dependence of A,) is independent 
of the magnetic anisotropy constant, Ku, and is only a function of 0.
For 0° annealed sample the magnetic moments align parallel to the ribbon length. When 
a magnetic field is applied in the ribbon length direction, the magnetisation occurs due 
to the motion of 180° domain walls which does not induce any strain into the material. 
Therefore, E of the 0° annealed sample does not show any field dependence (figure 
3.8.a). For transversely annealed samples all the magnetic moments align perpendicular 
to H (figure 3.8.b). In this case the magnetisation occurs by moment rotation which 
induces maximum magnetostrictive strain into the material, leading to the maximum AE 
effect (Moorjani and Coey [1984]).
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Figure 3.7: E/Es curves for Fe4 0Ni40B2o sample as a function of applied field for 
different values of 0 (reproduced from Thomas [1991]).
The field dependence of E has been studied by many researchers including Berry and 
Pritchet[1976], Spanoeral [1982], Livingston [1982] Squire [1990]. Berry andPritchet 
tried to explain the E(H) behaviour in a way very similar to the model for damping. The 
AE effect was discussed by Livingston [1982] who proposed a simple model of the 
rotation of the magnetic moments. The model considers an amorphous ribbon which is 
annealed in a magnetic field parallel to the ribbon width to produce a magnetic easy axis 
in this direction. In the model, H and stress are applied in the ribbon plane perpendicular 
to the ribbon width. A longitudinal field will rotate the magnetic moments from the width 






Figure 3.8: Schematic illustration of magnetisation with applied field, (a) H is parallel 
to an induced easy-axis, (b) H is perpendicular to an induced easy-axis (after Berry
[1976]).
-p-oMsHcosG. 0 can be found from the minimum energy condition. The total energy of 
the system is:
U = Ku cos2 e -  |a0MsH cos 0 (3.37)
From (dU/d0)=O,
cos0 = — (3.38)
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I
where Hk (=2Ku/jxoMs) is the anisotropy field. For a magnetostrictive material the strain 
changes from -XJ2 to Xs (relative to the material in demagnetised state), the total change 
being 3XJ2. The following equation gives the change of strain as a function of 0:
/
8 = cos 0 - -







where d is the magnetomechanical coupling which reaches a maximum at H=Hk. If a 
longitudinal stress a  is applied, an energy density of (-3/2)^socos20 will be induced and 
Hk will be replaced by the reduced anisotropy field Hka, which is given by:
2 K - 3 ? lg
Hko = O  <  (7 (3.41)
The model assumes that the magnetic easy axis does not change as long as o<ac=2Ku/3 .̂s. 
In equation 3.39, there will be additional Hooke’s law term g/Es; if we make all these 
changes, the equation 3.39 becomes:
G 3 X . H2 1
VH ka 3Es 2
The field and stress dependence of E is given by the following equation:
(3.42)
AE 9^E sH2 
E _ î0MsHL
(3.43)
One of the important parameters for comparing materials is the magnetomechanical 
coupling factor, k, which can be defined as the fractional energy transferred between 
magnetic and mechanical energies:
k = 1
. _ t t 3  \ l /2
MoM sh L
9XsEsH 2
<  1 (3.44)
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According to the Livingston m odel, the desired properties, such as large AE and high 
k, can be obtained with high Xs and Ms and low Ku. All these quantities vary with the 
alloy composition. In particular, Ku is also very sensitive to annealing temperature and 
time. One of the important problems with Livingston model is that it considers the 
amorphous alloy to be fully stress relieved and with an ideal domain structure as shown 
in figure 3.8b. It is well known that amorphous alloys have a very large casting stress 
which cannot be fully relieved. Therefore, on a local scale, a sample will have a local 
internal stress distribution leading to a local anisotropy distribution. This leads to moment 
spread around the easy axis in each domain. The exchange anisotropy energy which is 
due to spin-spin coupling is also another cause for moment spread around the easy axis.
The Squire model [1990] is a more expanded form of the Livingston model. The model 
assumes that the amorphous ribbon is field annealed at different angles to the ribbon 
axis. This induces an easy axis in a direction, 0, to the direction of the magnetisation 
leading to a suggested domain structure shown in figure 3.9.
The domain structure consists of regions which are separated by 180° domain walls. The 
width of each region is taken as equal to d. The total free energy of the system is given 
by:
U = Ua+U m+ U ms + Uw (3.45)
where Ua is the uniaxial anisotropy energy, Um is the magnetostatic energy, is 
magnetoelastic energy and Uw is the domain wall energy. The equilibrium condition 




Figure 3.9: Schematic illustration of the domain structure suggested by Squire
[1990].
The field dependence of E was obtained in a similar way to the Livingston model, defining 
the E by:
1 de
E =  da(146)






F (h,e ,Y ) = ____________ ^ 2 ( 9 -< d,)____________
0082(1)! +hcos(0 -<|>i) + 2ycos2(0 - (ĵ )
where h (=H/Ha) is the reduced field and y  (=3Xsa/4Ku) is function of applied stress. The 
typical curves obtained from equation 3.47 are shown in figure 3.10 for various anneal 
angles.
The model considers that H plays two roles in the magnetisation process of the sample 
1) H rotates the magnetic moments from the easy axis direction by an angle (ĵ  and <j>2 
towards the applied field direction in each region, 2) H also moves domain walls. The 
relative effect of these two processes depends on 0. The wall motion is more effective 
at lower values of 0; moment rotation becomes more effective at larger 0. The knee on 
the curves shows the end of the wall motion. The model also suggests a second way to 
end domain wall motion. After a critical value of h the magnetic moments, initially 
opposed to H, suddenly flip and make the material a single domain. The flipping occurs 
only at larger values of 0 , because at smaller values of 0  the domain walls disappear 
before the flipping occurs. After flipping magnetisation occurs only by moment rotation. 
The sudden flipping of the moments leads to discontinuities in the E-H curves. Such 
discontinuities have not been observed for any material. The later work of Thomas [1991] 
showed that flipping cannot be observed, and that the magnetic moments rotate the same 










Figure 3.10:Normalised elastic modulus, E/Es, against the reduced field h for various 
annealing angles. For y=0, K=100 Jm 3, X^=40ppm (reproduced from Squire [1990]).
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One of the important results of the Squire model is that the average initial angle of the 
magnetic moments can be estimated from the Young’s modulus value at H=0, Ec. If E0 
is equal to Es which shows that the moments align in a direction perpendicular to H. 
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Figure 3.11: Young’s modulus at H=0 as a function of annealing angle. The curve 
was obtained from equation 3.47 for K=200 Jm‘3, ^s=35ppm, Es=160GPa, h=0 and
7=0.
Although the detailed dependence of the shear modulus on applied field and stress is 
different from that of Young’s modulus, the general features are expected to be similar. 
In particular, the magnitude of the AG effect is given by an expression of the form:
AG 9 KGS
T r s l r 0 ^  ( 3 -4 8 )
where D is a function similar to F in equation 3.47.
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3.3 Partial Crystallisation
In the some recent studies it has been shown that for some applications the completely 
amorphous state is not always advantageous and that partial crystallisation might be 
better to improve some of the properties such as (Thomas [1991]).
Annealing at higher temperatures leads to the nucleation and growth of small crystallites 
rapidly. For a particular heat treatment range, flat and linear magnetisation curves were 
observed. This has been associated with the formation of a thin crystalline surface layer 
of a-Fe in Fe-based amorphous alloys (Ok and Morrish [1981]). There is a number of 
reasons to expect preferred crystallisation at surface: 1) During rapid solidification as 
well as during heat treatments surfaces are expected to accelerate nucleation as the 
crystalline phase replaces a portion of the original surface, thus reducing the total surface 
energy required for the nucleation. 2) Stresses building up during crystallisation due to 
the change in the volume can be more easily relieved at surface. 3) Surface crystallisation 
can also be accelerated by faster atomic transport on a free surface. 4) If the annealing 
treatments are not in a vacuum, the oxygen content near the surface may stabilize a 
number of crystalline phases. This leads to an increasing driving force for crystallisation 
at surface.
The surface crystallisation also has been confirmed with X-ray and Mossbauer studies 
of Ok and Morrish [1981] and Herzer and Hilzinger [1986]. The density measurements 
showed that a completely crystallised sample has a higher density than an amorphous 
sample. It follows that a crystallized layer at the surface of a ribbon contracts, causing 
a compressive stress on the internal amorphous portion of the ribbon and tensile stress 
in the crystallised region themselves. This stress distribution induces anisotropy easy 
axis perpendicular to surface in the amorphous bulk and parallel to surface in the
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crystallised layer in Fe-based materials. Herzer and Hilzinger also showed that 1) 
Coercivity, Hc, increases quadratically with layer thickness for thin layers. For a thicker 
crystalline surface layer coercivity mechanism changes and Hc is determined by pinning 
of domain walls at the crystalline layer. 2) The remanent magnetisation of the material 
is a result of the crystallized surface, because of the in-plane anisotropy in this region.
Thomas [1991] studied the effect of the partial crystallisation on the engineering 
magnetostriction. He showed that the partial crystallisation increases Xe. Therefore the 
measurement o f Xs could be another method to determine the induction of the 




The majority of the work reported here was carried out on Fe^ 5Si75B 15 amorphous wires 
with various diameters from 50pm to 140pm. The un-drawn and cold-drawn wires were 
supplied by Unitika Corporation, Japan and Dr A.O. Olafinjana, Department of 
Engineering Materials, Sheffield University, England. Relevant parameters on these 
wires are given in Table 1. This chapter will describe sample preparation, heat treatments 
and magnetisation, magnetostriction, AE, AG and damping measurements systems. X-ray 



















.5 ^ 7 . 5 6 15 125 1 . 6 422 553 16.2 Unitika
As-drawn
(DF-10)
Fe7 7 .5 Si7 .5 Bj5 1 0 0 1 . 6 422 553 15.8 Unitika
As-cast Fe7 7 .5 Si7 .5 Bj5 140 1 . 6 422 553 16.5 Sheffield
As-cast Fe7 7 .5 Si7 .5 Bj5 95 1 . 6 422 553 15.8 Sheffield
As-cast Fe^SijoBjsCrg 135 1.03 - 587 - Sheffield
Table 4.1: List of the data on the wires used in this study.
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4.2 Sample Preparation and Heat Treatments
As-cast amorphous wires can be heat treated in different ways to remove the large internal 
stress induced during the production process ( Malmhall et al [1990] and Yamasaki 
[ 1990]) and to improve certain aspects of their behaviour. The easiest and most commonly 
used method is a heat treatment usually performed between just below the Curie 
temperature and just below the crystallisation temperature, sometimes in an external 
applied magnetic field. In this study, heat treatments were carried out in a furnace and 
by current annealing.
In furnace heat treatments, samples were cut with scissors to 7cm long for AE and 
magnetostriction measurements and to 22cm long for AG and damping measurements. 
Before annealing all the samples were cleaned with acetone to remove grease and dirt. 
A non-inductively wound tube furnace controlled by an Eurotherm temperature 
controller was used as in the annealing facilities. An aluminium plate was placed inside 
the tube furnace and allowed to equilibrate at the required temperature. The temperature 
of the plate was measured using a chromel-alumel thermocouple and the temperature 
was read on a Digitron meter.
The as-cast wire is received wound onto a reel. When the wire is removed from the reel, 
it has curled shape which is not suitable for use in the AE and AG measurement systems. 
To make the wire straight, before each anneal, the wire was inserted into a fine glass 
tube which was placed on the aluminium plate inside the furnace. When the annealing 
process was finished, the aluminium plate with the sample was taken out of the furnace 
and the glass tube was dropped onto a large cold aluminium plate. By this method a 
very rapid cooling rate of ~200°C/sec was obtained. The tube furnace, however, was 
found to have a temperature gradient along its length. The temperature is high in the
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middle, decreases gradually around the middle part, then rapidly near the ends of the 
tube. For a 22cm long sample, this temperature gradient (~20°C difference between the 
ends of the wire at 450°C) causes some differences in the magnetic properties between 
the middle part and end sections of the sample (figure 4.1). To avoid this kind of problem, 
we inserted inside the tube furnace an aluminium thermal mass with an inner diameter 
of ~0.4cm. With the new thermal mass, the wire was inserted into a fine glass tube, then 
inserted into thermal mass. One end of the glass tube was kept outside the furnace. As 
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Figure 4.1: Temperature profile of tube furnace a) with big thermal mass, b) with
small thermal mass.
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Another method of relieving internal stress in the wires is current annealing. Wires were 
cut to 43cm lengths then inserted into fine glass tubes. Then each end of the wire was 
clamped and a dc current was applied along the wire. In order to measure the temperature 
of the wire, the change in the wire resistance was first measured as a function of 
temperature. This was done by putting the wire inside the furnace and increasing the 
temperature slowly (~5°C/min). During this process the resistance of the wire was 
measured using a multimeter. As can be seen from figure 4.2, the resistance increases 
approximately linearly with increasing temperature, up to Tx. When the temperature 
approaches the crystallisation temperature (~530°C) the wire resistance starts to
decrease. Below ~480°C the wire resistance as a function of the temperature was fitted
by the function;
| -  = ( l+ a ( T - T 0)) (4.1)
1*0
where R is resistance, Rq is resistance at room temperature, T is temperature, T0 is room 
temperature and a  is the thermal resistance coefficient (-2.1 lxlO'4 °C'1) which is of the 
same order of previously reported values for amorphous alloys (Balanzat et al [1985]).
The change in R was then measured as a function of dc current. The data in figure 4.3 
show that R varies approximately linearly with the square of current. The data were 
therefore fitted by the function;
£  = (l + pl2) (4.2)
where I is current. When the environment of the sample was changed a different p value 
was obtained, due to the change in heat absorption. Therefore each time the annealing 
condition changed the p value was re-calibrated. Typical P value is of the order of 
-0.15 A'2. The current annealing temperature was derived from equation 4.3 which was 
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Figure 4.3: The change in the normalised resistance of FeSiB amorphous wire as a
function of applied dc current.
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piT = —  + T0 (4.3)
a
Transverse field annealing was carried out using a large water-cooled electromagnet 
with iron cores and a high temperature hot air blower (figure 4.4). The outlet of the 
blower was connected to a pyrex tube which was placed between the pole-pieces of the 
magnet. The wire was placed between two aluminium plates which were positioned 
horizontally in the pyrex tube directly between the centre of the pole pieces. Temperature 
was measured by means of a thermocouple attached to one of the aluminium plates. The 
maximum field produced using rectangular pole pieces is about 150 kA/m with a 5.5cm 
pole piece separation and is not enough to overcome the demagnetisation effect in the 
wire in the radial direction. Therefore the pole-piece shape was re-designed to be capable 
of producing a field of 875 kA/m with a 0.5cm pole piece gap. The field between the 
magnets is shown as a function of distance from the centre in figure 4.5. To obtain 
maximum field, the gap between the magnets was kept very small (~0.5cm). The sample 
was heated up by applying dc current. The wire temperature was found by the method 
explained above and the P value was re-calibrated.
4.3 Magnetic Measurements
The magnetic parameters of the amorphous wires were obtained from M-H (magnetic 
hysteresis) loops which give values of coercivity, remanent magnetisation, susceptibility 
and anisotropy constant. The system used (described by Squire et al [1988]), consists 
of a solenoid 1.5m long and of 7.5cm internal diameter. The solenoid was driven by a 
Kepco ±20A,±20V bipolar power supply such that a field of up to 15kA/m could be 
produced along axis of the solenoid. Two search coils, 8.2cm in length with 20000 turns 















Figure 4.4: Block diagram of field annealing system.
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Figure 4.5: Measured field profiles between the pole pieces with driving currents 10,
20 and 25 Amps.
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The search coils are arranged in a bridge circuit such that, in the absence of any sample 
when the field is applied, the total output is zero. When a ferromagnetic material is placed 
into one of the search coils and subjected to a magnetic field, the voltage ,Vl9 induced 
in the search coil is given by Faraday’s law:
V1= n m |(A eH + A ^ ) (4.4)
where fi0 is the permeability of free space, M is the magnetisation, Ac is the cross-sectional 
area of the search coil and As is the cross-sectional area of sample and n is the number 
of turns on the search coil. In the absence of any sample, the induced voltage, V2, is:
V2 = n|i0̂ (A cH) (4.5)
The total output, V0 is the difference between equation 4.4 and equation 4.5, i.e:
V0 = n ^ |( A sM) (4.6)
The time integral of the resulting output is proportional to the change in the magnetisation 
of the material.
The magnetisation of the sample was obtained by assuming that the sample was saturated 
at large magnetic fields (~8kA/m). Then the vertical axis was scaled by normalising 
measured magnetisation value at maximum applied field to the manufacturer’s value of 
saturation magnetisation, Ms.
The cycling of the current through the solenoid (and of hence applied field) was controlled 
by computer. The power supply was operated in voltage mode. The required maximum 
field was set by adjusting a potentiometer across the power amplifier input. H was
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determined from the measured potentiometer voltage and the number of turns on the 
solenoid. In soft magnetic materials such as amorphous wires, much of the M-H 
information could easily missed, if the applied field was stepped at a constant rate with 
time, because a very large change in magnetisation takes place in a small range of applied 
field. Therefore, the applied field was controlled by a shape function in order to get large 
steps in field around the maximum H, H ^ , and small steps in field around H=0A/m. 
The function defined in the computer program is:
_H _ = tan(2tat/T)
Hmax tan(bJc/2) 1 '
where t is current step number, T is the total number of steps and b is an adjustable shape 
factor. Small values of b lead to an almost linear change in H and larger values give a 
sharply peaked function, b can be adjusted to larger values to obtain more information 
in the low field region and to low values to get more information about the saturation 
of the sample.
One of the important problems in obtaining a closed loop with dc magnetisation 
measurement systems is drift. It was found that the total drift is almost linear with time, 
so drift correction was made by sharing the total drift at the end of the cycle equally 
among the individual points. Due to the geometry of the search coils, which were designed 
for ribbons, M-H loops of the amorphous wires were usually noisy. We reduced the 
noise level by cycling M-H measurements 3-4 times and taking the mean M values.
4.3.1 Calculation of Magnetisation Parameters
4.3.1.1 Coercivity
The M-H program includes a procedure to calculate coercivity. The program calculates 
Hj. firstly by taking only 3 points on each side of the M-H data around M=0, and fitting
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straight regression lines to these data sets. These lines are used to calculate the H values 
at zero magnetisation and H<. is taken as half the difference between these values. Then 
He is recalculated using 5 points around M=0 and the two values of coercivity are 
compared. If these values are not in agreement within a given tolerance (typically~0.01 % 
the same process is repeated with two more points in each regression line, up to a 
maximum of 11 points. If there is still a big difference in values, the same process 
was repeated with a greater tolerance value. In amorphous wires, due to a Large 
Barkhausen Jump at very low field, an accurate calculation of coercivity is difficult, 
because there is often no point around M=0. Therefore, some of the Hc calculations were 
performed manually. The M-H loop was taken from the plotter and half of the distance 
between M-H lines around M=0 was measured with a ruler. The distance to the maximum 
field (known) was also measured. By comparing these measurements, the first was 
converted to a value of Ĥ .
4.3.1.2 Internal Field
The internal field inside the sample, Hi? is always smaller than the applied field, Ha, due 
to the demagnetisation field. Poles are induced at the end of the sample leading to an 
internal field in the opposite direction to the applied field. Therefore, all the magnetic 
parameters have to be corrected. The internal field is reduced by the demagnetisation 
field, H,.
H1 = Ha-H d (4.8)
where Hd = Nd.M and Nd is the demagnetisation factor, which depends on the shape of 
the sample. Ht as a function of true susceptibility, %, is given by:
In this study, data for M-H, AE, AG and damping measurements are given as a functions 
of applied field.
4.3.1.3 Anisotropy Constant
Anisotropy energy was determined from the area between the M-H loop and the M axis. 




The area was calculated from M-H data by a computer program. This area is strictly the 
magnetisation energy which is taken to be a measure of anisotropy constant, K.
Another method to calculate anisotropy constant was given by Livingston [1982] who 
assumed that magnetisation occurs due only to moment rotation and that magnetisation 
is proportional to H until M reaches the saturation value Ms. This model can be used for 
transverse field annealed samples. Susceptibility and anisotropy energy for transversely 
annealed samples are given by:
M s P-oHkMs ^
%=H? k = — 2 ~  ( *
where Hk is the anisotropy field (the field at which magnetisation reaches the saturation 
value). The anisotropy energy in terms of the anisotropy constant can be written as:
Uk = -Kusin20 (4.12)
where 0 is the angle between the applied field and the magnetisation. For a transverse 
field annealed sample 0 is 90° and from equations 4.11 and 4.12,
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According to equation 4.13 Ku can be calculated from the true susceptibility.
4.4 Fibre Optic Dilatometer
The fibre optic dilatometer system measures the small changes in the length of a sample 
associated with magnetostriction. The full details of the system were given by Squire 
and Gibbs [1987] and Thomas [1991]. Figure 4.6 shows the basic principles of the system. 
One end of the sample was clamped and the other end was placed across the centre of 
the light beam. When the sample lengthens, it reduces the amount of light detected by 
a photo detector behind the sample. If it is assumed that the light (beam) power is 
distributed uniformly across the fibre and that the total change in the length of the sample 
is smaller than the diameter of the light beam, D, the variation of transmitted power, P, 
as a function of / is given by,
dP 4P0
—  = ■— : = Constant (dI «  D) (4.14)
d I tcD
where P0 is the transmitted power without any sample in the system.
The block diagram of the fibre optic dilatometer is shown in figure 4.7. The fibre optic 
emitter is driven by a 10 kHz power supply and output of the emitter is split into two 
channels. One of the signals is coupled to the sample by an optical fibre. The transmitted 
optical power is detected as shown in figure 4.7. The transmitted power carried by an 
optical fibre is input to a signal detector. It is then combined with the second output from 
the splitter such that the total output from the combiner is zero when the sample is halfway 
across the fibre. Then the total signal output is fed into the lock-in amplifier with the 
AC emitter supply voltage. The dc output of the lock-in which is directly proportional
to change in the length of the sample, is connected to a computer. The change in the 
length of the sample (magnetostriction) is obtained as a function of applied field by 
means of a computer program.
The magnetic field is supplied by a pair of Helmholtz coils having a diameter of 400mm. 
These allow samples up to 130mrn long to be in a magnetic field uniform to within 1%. 
Driven by a Kepco ±12A,±36V bipolar power supply, the Helmholtz coils are capable 
of producing magnetic fields of up to 8kA/m. The magnetic field is stepped in a way 
similar to that in the M-H system.







Figure 4.7: Block diagram of the A,-H system (after Squire and Gibbs [1987]).
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Because of the shape and the small diameter of the amorphous wires, the method of 
supporting the sample during the measurement of magnetostriction in ribbons could not 
be used (Thomas 1991). Therefore, the wire was placed in a holder (shown in figure 4.8) 
which consisted of a glass slide and a glass tube. The glass tube was fixed to the glass 
with masking tape. A very light aluminium foil was attached by adhesive to one end of 
the wire. Then the wire was inserted into the glass tube (of internal diameter of 0 .15mm). 
The free end of the wire was clamped by a Tico pad. Tico pad was used, because it is 
strong enough to avoid any straining and damaging of the sample. The aim of placing 
the wire inside a fine glass tube is to prevent the wire moving horizontally or vertically. 
This kind of motion leads to a change in the measured strain. Before each measurement 
the sample and glass tube were cleaned with acetone to remove dirt and grease which 
might cause static friction between the wire and the glass tube.
Calibration of the System:
The sample, with the holder was placed in an aluminium holder which was mounted on 
an x-table which could be moved by turning a screw. The wire was positioned with its 
length parallel to the x-table motion and its end connected to aluminium foil across the 
optical fibre. The intensity of the light beam was detected by a photo detector with respect 
to the relative position of sample in the x direction. The x-table was moved until the 
edge of the aluminium foil lay in the central region of the fibre. Then the output of the 
combiner was adjusted to be zero and lock-in amplification was set to a suitable position. 
Then the calibration factor, C, between the lock-in output, V0, and the sample position 
was obtained by moving the aluminium foil edge (by moving the x-table) across the 
width of the fibre and meanwhile reading Vc from the lock-in. V0 as a function of the
Figure 4.8: Sample holder for the .̂-H system.
position of sample is linear over the whole range (figure 4.9). By calculating the gradient, 
dVo/dl, C was obtained. Calibration was done before each measurement since C was 
different for each set-up.
Sources of Error:
The largest errors in ^-H measurements are caused by the tico pad clamping, the 
measurement of the sample length, the aluminium foil not being centred between the 
fibres, the wire length not being positioned parallel to the magnetic field axis, lateral 
motion of the wire and by mechanical friction between the wire and the glass tube. 
Another important problem is the thickness of the glass tube. If the thickness of tube is 
large, as shown in figure 4.10, the wire will be bent. There will be static friction between 
the edge of the tube and the wire. Typical A.-H loops of amorphous wires are shown in 
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Figure 4.10: Sample holder for X-H system where there is a friction between edge of
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Figure 4.12: Typical valid X-H loop of stress relieved FeSiB wire.
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4.5 AE Measurement System
The Young’s modulus, E, as a function of applied field was measured by a vibrating 
reed method adapted from that of Berry and Pritchet [1975]. The system was modified 
for wires by using an optical vibration detector in the place of the original electrostatic 
method (figure 4.13.a). The amorphous wire was clamped with a 2.5cm free length from 
one end. The clamp was connected to a mechanical vibrator driven by a variable 
frequency signal generator with a sinusoidal output. The vibration of the clamp leads to 
oscillation of the wire. The amplitude of this oscillation reaches the maximum value 
when the wire is driven at the resonant frequency of one of the vibrational modes.
The basis of the vibration amplitude measurement system is shown in figure 13.b where 
a and b are two photo diodes. The wire is placed with its axis parallel to the axis of the 
coil halfway between the coils and between the laser source and the photo diodes. The 
outputs of the photo diodes are connected to a differential amplifier. When the wire is 
not vibrating, the output from the differential amplifier is zero because both photo diodes 
receive the same amount of light intensity. When the sample starts to vibrate, the sample 
first moves towards one of the photo diodes (for example, diode a). In this case, the 
photo diode b receives a larger amount of the light, therefore Vb>Va. An output is obtained 
from the differential amplifier, because the differential output V0=Va-Vb. Then the sample 
moves towards photo diode b, leading to Va>Vb. At resonance frequency, this vibration 
gives rise to sinusoidal output from the differential amplifier at the resonant frequency. 
This output was connected to a phase sensitive detector (PSD). The output of the signal 
generator is also fed to the PSD as a reference signal (figure 4.14). The PSD output is 
directly proportional to the amplitude of the vibration. The resonance frequencies were 


































P. S . D.
The magnetic field was supplied by a pair of Helmholtz coils having a diameter of 20cm. 
The coils were driven by a dc power supply. The field was calibrated with respect to 
coil current using a Hall effect Gauss meter. The calibration coefficient from current to 
magnetic field was 3.63xl03 A/m per Amp. The maximum field used was 7.2 kA/m 
which was sufficient to saturate most of the wires.
Before each measurement the sample was saturated and the frequency of the fundamental 
mode was measured. Then, the frequencies of the second and third modes were measured. 
The fundamental resonant frequency at saturation for FeSiB wire with a diameter of 
125pm usually occurred between 90 and 150Hz. Under the ideal conditions the 





1 2 3 4 5
1 1
2 6.27 1
3 17.55 2.80 1
4 34.40 5.49 1.96 1
5 56.80 9.07 3.24 1.65 1
Table 4.2. Relative ratio of vibration modes of sample (deduced from Nowick and
Berry [1972]).
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The magnetic field was always stepped from negative saturation to positive saturation 
with larger steps at higher fields and smaller steps at low fields. In this study, all the 
Young’s modulus measurements as a function of H were performed using third mode.
For one end clamped and one end free to oscillate, the shape of the fundamental and odd 
modes are given by Nowick and Berry [1972] and Berry and Pritchet [1979] as,
A0fcosh(2txnxy/) sin(2ocnx//)l
y (X) = — <---------------+ -----:-------- 1 (4.15)
2 [ cosha,, sina,, J
where n = l,3 ,5  The shape of even modes (n=2,4,6.....) are given by,
A0Jsmh(2anx//) cos(2a„x/Z)l
y"(x) =  T r  sinhcC ' + ' c o s 5 T ' J  ‘ 6)
In equation 4.15 and 4.16 yn(x) is the lateral displacement of the sample, of free length, 
/, at a distance, x, from the midpoint taken as the origin. A0 is the amplitude at the free 
end (y=A0 at x=//2). The mode parameters a,, have the values 0^=0.2984371,0^=0.7470971, 
03=1.2501371 and thereafter can be taken as otn(n>3)=(n-0.5)7t/2.
To obtain Young’s modulus, the strain energy ,Wn> stored in the sample is found by 
evaluating integral:
C m  2 2 2
W„ = (EI/2) (d y/dx) dx (4.17)J(rH2)
where I is the second moment of area of cross-section of the wire about the neutral axis 
(I=7tr4, r is the radius of the wire). The results for all modes is given by,





From Wn=KnA02/2 and fn = (1/2tt) (Kn/m)(1/2) where is the effective spring constant and 




where \x is the mass per unit length of the wire. The absolute value of E can be calculated 
from equation 4.19, but E is proportional to fix' and r is not uniform along the length of 
the wire. As a result, a small error in the measurement of / or r leads to a large error in 
the E value. Instead of taking the absolute value of E for different H values. E(H)/ES was 
measured a function of H.
The resonant frequencies in a field H, f(H), and at saturation, fs, are related to the Young’s 




The magnetic field was changed manually from the power supply and at each different 
field the resonant frequency was found by manually changing the driving frequency 
from the signal generator. Hence E(H)/ES was obtained. A typical E(H)/ES curve as 
function of H is shown in figure 4.15 for stress relieved FeSiB amorphous wire.
The driving amplitude, which is applied from oscillator to the vibrator, dependence of 
Young’s modulus was observed at low fields (figure 4.16). To minimise the amplitude 
dependence, the sample was driven with a very small (typically -0 .3  V) signal amplitude 
and during the measurement, the same drive amplitude was used.
The error in setting the current through the Helmholtz coils is very small (approximately 
±1 A/m) which corresponds to less than 0.1% error in values of the applied field. Another 
source of error is reading the resonant frequency of vibration which is also very small 
(-0.01%). Therefore, error bars are not shown in E(H)/E versus H data sets.
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Figure 4.16: Examples of E/Es data of stress relieved FeSiB wire as a function of 
driving amplitude for different applied fields.
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The main problem with the E(H)/ES measurements (especially for the wire annealed at 
high temperature for short annealing time) was that the minimum value of E was not the 
same on the positive side of applied H as on the negative side (figure 4.17). It was 
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Figure 4.17: Typical AE for the FeSiB wire annealed at 480°C for 1 minute (notice 
the minimum of Young’s modulus are not same).
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4.6 AG and Damping Measurement System
A simple torsional pendulum system is one of the easiest ways to measure the shear 
modulus and the damping of the wires. When a wire is suspended in a such way that a
torque is applied to the free end of the wire, it will be twisted; then, if the torque is
removed, the restoring force generates an angular acceleration. This angular motion of 
the wire can be described by the differential equation (Bozorth [1951]):
d20 d0 x
— + 2 k -  + - 0  = O (4.21)
dt2 dt I
where 0 is the angle of twist, k is the damping constant, I is the moment of inertia and 
x is the oscillation constant. The solution of this differential equation is:
0 = 0oexp(-kt)cos(coot + <|>) (4.22)
where 0O is the amplitude of the oscillation and § is the phase.
One of the methods of measuring the damping is to determine the rate at which the
oscillations of the system die out (Cullity [1972]). If An is the amplitude of any one of
the oscillations and An+1 that of the next, then the extent of the damping is characterised 
by the logarithmic decrement, Q'1, defined by:
Q”1 = ln -A -  (4.23)
A n+1
In equation 4.22 the amplitude part of the oscillation is given by 0 = 0oexp(-kt). For one 
complete oscillation, t can be substituted by the period of the oscillation, T.




Equation 4.25 gives the damping value and the angular frequency of the oscillation is 
given by,
v - V T
®„ = A/ 7 (4.26)
For a twisted wire z  is:
From equations 4.26 and 4.27, G can be obtained as a function of the period:
^ 8tc/IG = —  (4.28)
r T
In the experiments reported here, G was measured using two different systems: a fibre 
optic system and a linear rotary differential capacitance system.
In the fibre optic system, the top end of the amorphous wire was connected to an 
aluminium rod and the other end was connected to an aluminium tube. Also, a very light 
plastic tube was attached to the aluminium tube. One end of the optic fibre was the emitter 
of the of light, and the other end was the receiver.
The oscillation of the wire led to oscillation of the aluminium tube. Each time the plastic 
tube passed between the fibre optic cables, a pulse was obtained. When the plastic tube 
was not between fibre cables the output was zero. The time between each pulses was 
half the period of the oscillation. This was doubled using a D type flip-flop to obtain the 
period of the oscillation which was then measured using a counter. The shear modulus 
of the wire was then calculated from equation 4.28. All the measurements performed 
using the fibre optic system were done under a tensile stress of ~9MPa.
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Having observed large tensile stress dependence of damping and shear modulus an 
inverted pendulum was designed. With the inverted pendulum system, so-called rotary 
differential capacitance system, damping and G as a function of magnetic field, tensile 
stress and torsional strain was measured. Figure 4.18 shows the general arrangement of 
the pendulum. The wire specimen W, of length 20cm, is held by two rods. The lower 
rod Ri (aluminium) is supported by a rigid base A which has provision for fine angular 
adjustment. The upper rod R2 is of telescopic brass tubing about 4mm in diameter. Its 
upper end is attached to the central disc of the three plate capacitor C. Therefore, rotation 
of the wire directly leads to rotation of the central plate of the capacitor C. The central 
plate is suspended by a thread T of unspun silk from a 3mm diameter brass rod B which 
acts as the beam of a counterbalance, pivoted on the knife edge K, and carrying a mass 
M at its other end. By varying the M, various tensile stresses can be applied to the wire. 
A and S are both mounted rigidly on a vertical optical bench to facilitate precise alignment 
and positioning. The solenoid S is 35cm long and has a bore of 5cm; it produces a 
magnetic field of up to 8kA/m. The coil is driven by a dc power supply. The variation 
of H along the coil axis is shown in figure 4.19. H was calibrated with respect to coil 
current using a Gauss meter, since H=nl, where n is number of turns per meter and I is 
current. The calibration coefficient is 1056 A/m per Amp. Before each measurement the 
sample was saturated. The applied field was then changed manually and the damping 
and the shear modulus were measured.
Figure 4.20 shows the capacitance rotation sensor in more detail. The design is based 
on the proposal of Peters [1989] for a highly linear, frictionless method of measuring 
angular position. The drive and pick-up (P2 and P3 respectively) plates are mounted 
rigidly on a 3-axis micromanipalator to facilitate precise alignment and positioning. The 
plates were fabricated from standard copper-clad laminate. Each disc is 6cm in diameter, 
and they are approximately 1.5mm part. The drive and rotor (P2) plates have two 
semi-circular copper plates and the pick-up plate has two quarter-circle copper plates.
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When the rotor plate is displaced with respect to drive and pick-up plates, leading to 
rotation of the wire, the capacitance is changed according to the variation of area. The 
change in capacitance is a linear function of the angular displacement 0, from the 
equilibrium position. This is a consequence of the facts that (i) the capacitance of an 
ideal parallel plate capacitor is proportional to the area between its plates, and (ii) the 
area between its plates is proportional to 0. The system is almost linear between ±45°. 
The maximum angle of rotation used in our measurements was about ±30°. Therefore 
this was not an important limitation.
Figure 4.21 is a schematic diagram of the measurement system. The equivalent circuit 
of the rotation sensor is a capacitance bridge, with the capacitances between the drive, 
pick-up and modified rotor plates. Capacitances are given as a function of 0 by:
C! =  C4 =
e j t R r
4d
e07cfc 
C = C  =  ——  
2 3 4d
1 - —
V n  J
2
807CR
C = C  = —-----
4d ’ (4.29)
where R is the radius of the plate, e0 is the permittivity of free space and d is the distance 
between each plate. The capacitance bridge is supplied with 5V rms at 700 kHz. In 
signal mode the bridge output is connected to the signal generator. The output of the 
lock-in is a dc voltage linearly related to the rotation angle by:
20
v ° ¥ V i ’
(4.30)
where Vj the bridge excitation voltage and k is the system gain constant. Figure 4.22 
shows the linearity of the output with angular displacement.
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Figure 4.22: Typical lock-in amplifier output as a function of angular displacement of
the rotor plate.
The output of the lock-in amplifier is then digitised and stored in the computer for 
analysis. For a typical case, the time period is 3-4 seconds and 7-8 cycles are stored as 
400 data points. The chart recorder is for monitoring purposes only. A typical chart 
recorder output is shown in figure 4.23.
A useful optional feature is the high dc voltage that can be applied to the plates of the 
rotation sensor in order to initiate the oscillations. The application of voltages in the 
range 1-1.5kV across the plates produces a small torque: repeated application and 
removal of the voltage in synchronization with the rotation period enables the amplitude 
to be increased to the desired value. A switch unit containing high-voltage relays
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reconnects the bridge to the signal amplifier when the oscillation has been initiated 
(Appendix A). Oscillation can also be initiated manually by rotating Rj via rotation of 
base A (see figure 4.18).
Data Analysis:
It is assumed that the signal read from lock-in amplifier can be fitted by the function:
Y = b0exp( -  kt) cos(coot + <J>) + bj (4.31)
The right hand side represents a damped sinusoidal oscillation with a dc offset. From 
the parameters k and co0, the damping and the shear modulus were calculated from 
equations 4.25 and 4.28.
The reason for choosing time-domain analysis in preference to Fourier transformation 
(Yoshida [1981]) is that the latter requires several cycles of oscillation to give adequate 
resolution. In the case of large damping this obscures the strain dependence of parameters, 
which is a very important feature of the behaviour of amorphous wires. Also, curve 
fitting by using equation 4.31, gives us statistical uncertainties in the derived parameter 
values.
Maximum torsional strain occurs at the surface, and can be calculated from equation 
4.32.
r0
e = y  (4.32)
Where £ is the torsional strain, / is the length of the wire, r is the radius and 0=a.bo (a is 
a system calibration factor and b0 is the amplitude in equation 4.31). In order to obtain 
the torsional strain dependence of shear modulus and damping, curves were fitted using 
equation 4.31 to each 1 or 2 cycles.
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Figure 4.24 shows portions of the digitised data together with the curves fitted using 
equation 4.31. Note the significant improvement in fit over a reduced time in the case 
of large damping. Values of the relevant parameters obtained from these fits are given 
in table 4.3 to illustrate the precision of the system. It can be seen clearly that the shear 
modulus and damping both change by significant amounts with torsional strain. The 
precision of the shear modulus and damping measurements depends on both the 
amplitude of the oscillations and the rapidity with which they die out. The maximum 
precision was obtained when damping was low and the oscillation amplitude was high, 
so that many cycles could be included in the calculation. In the case of high damping, 
this gave a poor fit, so the number of cycles included in the fitting was reduced.
All the results were obtained under the effect of 0.43MPa tensile stress which is the 
minimum tensile stress required to keep the wire straight during the measurements. The 
measurements were performed in air with no vibration isolation.
Data G (GPa) 5G(GPa) lO'Q1 1035Q'1
Fig. 4.23.a 38.76 0.01 4.56 0.07
Fig. 4.23.b 39.37 0.01 4.44 0.37
Fig. 4.23.C 38.11 0.01 4.71 0.49
Fig. 4.23.d 30.36 0.01 27.57 0.43
Fig. 4.23.e 31.38 0.01 25.51 0.44
Fig. 4.23.f 34.19 0.03 13.9 1.3
Table 4.3: Parameters derived from the curve fitting shown in figures 4.24(a)-(f). The 
uncertainties, 8G, are 95% confidence limits.
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Figure 4.23: Examples of (a) low damping and (b) high damping oscillations: chart
recorder traces.
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Figure 4.24.a: Entire trace (1000 points). 
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Figure 4.24.b: Section A (100 points). 
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Figure 4.24.c: Section B (100 points). 
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Figure 4.24.d: Entire trace (1000 points).
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Figure 4.24.e: Section C (100 points).
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Figure 4.24.f: Section D (100 points).
Figure 4.24: Examples of equation 4.31 fitted to selected part of figures 4.23.a and 




The major source of error in the torsional pendulum system is the position of the rotor 
plate with respect to the drive and the pick-up plates. If the rotor plate is not completely 
parallel to the other plates, the output of the lock-in amplifier is not linear as a function 
of angular displacement. There are also some additional stray capacitances, such as 
across the insulator gaps in the each plate (i.e. edge the edge of copper plates), but the 
effect of these in the total capacitance is very small.
Another source of error is that when the rotor plate oscillates, it also moves slightly in 
the vertical plane. This can lead to large errors in the fitted parameters in equation 4.31. 
Figure 4.25 shows two data sets, in figure 4.25 (a) the rotor plate performs only torsional 
oscillation, but in figure 4.25 (b) the rotor plate oscillates also in vertical direction.
If the wire is not positioned parallel to the magnetic axis, there will be additional errors 
in the calculated value of the parameters as a function of magnetic field.
Shear modulus, G, was calculated from equation 4.28. But G is proportional to //r4 and 
r is not uniform along the length of the wire. As a result, the error in the absolute calculated 
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Figure 4.25: Typical damping data set as a function of applied field, (a) with only 
torsional oscillation (b) with also oscillation in vertical plane.
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4.7 X-ray Diffraction System
In the X-ray diffraction measurements, the scattered intensity from the wire was detected 
by a Philips 11cm X-ray powder camera (PW 1024/10) as a function of the scattering 
angle 20. The system has a 1 kW X-ray generator with a cobalt target X-ray tube operated 
at 40 kV and 16mA. The measurements were taken with 20 between 30° and 150°. The 
radiation has a wave length of 1.7902 A°.
The Fe-based amorphous alloys have a broad peak around 20=45°. Partial crystallisation 
of the amorphous alloys leads to a sharper peak on top of the broad peak (Sheard [1989]). 
The relative height of the sharper peak depends on the volume fraction of the crystalline 
part on the surface of the amorphous alloy. Figure 4.26 shows an almost completely 
crystallised FeSiB amorphous wire.
4.8 DSC system
The Curie ,TC and crystallisation ,TX temperatures of the amorphous wires were measured 
by using a DuPont 9900 differential scanning calorimetry system (DSC).
The DSC system was calibrated by using the indium calibration method. One reference, 
which is an empty aluminium pan, and sample pan, which is aluminium pan with sample, 
was prepared. Then, both reference pan and sample pan were placed into the DSC and 
they were heated between 350°C and 600°C with a 10°C/min heating rate. The total 
mass of the sample was 9.7 gr. During this heating process, the temperature difference 
(AT=TS-Tr) between the sample and reference pans was measured. They were maintained 
at the same temperature (AT=0). Any energy difference in the independent supplies to 
the sample and reference pans was recorded against the temperature via the resident
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computer program. This energy difference can be in endothermic or exothermic direction, 
depending upon whether more or less energy has to be supplied to the sample relative 
to the reference material (Brown [1988]).
Figure 4.27 shows the DSC output for Fe77.5Si7.5Btf amorphous wire. The Curie 
temperature for this wire is 425.9°C and crystallisation temperature is 537.6°C. The 
reaction at Curie temperature is endothermic and at the crystallisation temperature is 
exothermic.
Also, we measured the crystallisation temperature of a Fe67Si10B 15Cr8 wire. The same 
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Figure 4.27: DSC output of FeSiB wire.
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5 Results and Analysis for Furnace-Annealed Amorphous Wires
5.1 Introduction
In this chapter, firstly, the effects of the sample length on the magnetic properties of 
as-cast Fe-based wire are given. Then, the effect of furnace annealing on the magnetic 
and magnetoelastic properties of amorphous wires of composition Fe77.5Si7.5Bi5 is 
discussed. Annealing studies were performed between 370°C and 500°C for various 
annealing times. Fe-Si-B wire was chosen due to the large decrease in K with annealing 
(to as low as 50Jm'3) and its high A* value (~37 ppm).
The field dependence of magnetostriction and Young’s modulus is discussed using the 
Squire [1990] model. The magnetic field and torsional strain dependence of the damping 
are explained using the Smith and Birchak [1969] and Degauque and Astie [1980] 
models.
5.2 Effect of the Sample Length on the Properties of As-cast Wire
Figure 5.1 shows the magnetisation curves for as-cast Fe^ 5Si7 5B 15 wire 22 cm long. The 
M-H loops were taken according to the method outlined in section 4.3. From figure 5.1a 
it can be seen that at low field the wire exhibits the characteristic Large Barkhausen 
Jump (LBJ), and in this region the magnetisation occurs due to the a sudden motion of 
one domain wall in the inner core. As the field is increased further, magnetisation occurs 
by both wall motion and moment rotation in the outer shell (figure 5.1b).
It has been observed that the wire length plays an important role in the magnetic behaviour 
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Figure 5.1: M-H loops of 22cm long as-cast Fe^ 5Si7 5B 15 wire with a diameter of 
125pm, a) maximum applied field= 75 A/m, b) maximum applied field=7500A/m  
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Figure 5.2: Effect o f the wire length on the M-H loop of un-drawn FeSiB 125|im 






When the wire length is around 6.5 cm, the square shape of the M-H loop starts to 
disappear. With the further decrease in the length, the square shape of the M-H loop 
disappears completely, but loop still shows the Barkhausen jump around the remanent 
magnetisation, Mr. When the wire length is 3 cm no Barkhausen jump is observed. Figure 
5.3 shows the effect of wire length on Mr and Hc. Mr and Hc are almost constant for wire 
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Figure 5.3: Effect of the wire length on H<. and M,. of FeSiB as-cast wire. The lines are 
interpolated between the experimental data points.
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This magnetic behaviour of the as-cast Fe77 5Si7 5B15 wire can be explained by the shape 
anisotropy energy. Magnetic materials arrange their domain structure in order to 
minimise the total anisotropy energies, which are:
where Uc is the crystal anisotropy energy (=0 for amorphous alloys), Us is the shape 
anisotropy energy, Uex is the exchange energy and Ume is the magnetoelastic energy. 
When the wire length is changed, only Us changes and it is given by:
where Ny and Nx are the demagnetising factors along the wire axis and in the radial 
direction, respectively. The shape anisotropy constant and Nx are given by (Cullity
where r and L are the radius and the length of the wire, respectively. For 10 long wire
demagnetising factor along the wire axis for wires with diameters of 125|im and 50pm, 
as a function of wire length. As can be seen from equations 5.1 and 5.2, the shape 
anisotropy energy is a function of L/r, which determines Ny and Nx. When L is shorter 
than 6.5 cm, Nx increases very sharply, leading to a sharp decrease in the shape anisotropy 
energy in the axial direction of the wire. This leads to an important change in the total 
energy of the system. Therefore, the domain structure of the wire will be rearranged to 
minimize UT. As a result, for the wires shorter than 6.5 cm the suggested core-sheath 
domain model is not valid. Ogasawara [1987] suggested that when the wire length is 
below the critical length (in this case 6.5 cm) inverse domains form at the end of the
u T= u ex+ u c+ u s+ u ,
(5.1)
[1972]):
Ks = ^ |l0(Ny- N x)M2,
(5.2)
with a diameter of 125pm , Kg is of the order of ~5 x 105Jm 3. Figure 5.4 shows the
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wire. This changes the square shape of the M-H loop and reduces the magnitude of the 
Barkhausen jump. We suggest that when the wire length is shorter than 5cm there is 
also some moment reorientation in the inner core (i.e. easy axis in the inner core makes 
an angle with the wire axis) on the basis of the observed shape of the M-H loop.
In conclusion, the domain structure of the as-cast wire is not only determined by induced 
casting stresses (tensile stress in the outer shell and axial stress in the inner core) but 
also by the shape anisotropy which becomes particularly significant when the wire length 





O 1 0 20 30 40 50
L e n g t h  o f  t h e  w i r e  ( c m )
Figure 5.4: The length dependence of demagnetising factor, Nx, along the wire axis 
for wires of 25|im and 62.5(im radius.
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5.3 Effect of Heat Treatments on the Magnetic Properties
The as-cast un-drawn wires show the characteristic LBJ, which is sensitive to the 
magnetostriction coupled with the internal axial stress. The relative magnitude of the 
Barkhausen jump with respect to the total magnetisation is affected by furnace annealing 
due to the reduction of the internal stress. For wires annealed at low temperatures 
(370-400°C) the magnitude of the Barkhausen jump changes very' gradually but when 
the annealing temperature is high (460°C and above) the relative magnitude of the 
Barkhausen jump decreases very quickly and disappears at shorter anneal time.
Figure 5.5 shows the M-H loops of un-drawn Fe^Siv 5B15 wire annealed at 460°C for 
various anneal times. The fractional magnitude of the Barkhausen jump decreases from 
the as-cast value of -0.48 to 0.06 after annealing for 20 seconds, then with further 
annealing increases by a very small amount to -0.14 and, later, again reduces. After an 
annealing time of 5 minutes at 460°C, the Barkhausen jump has vanished.
Figure 5.6 shows the M-H loop of cold-drawn wire with a diameter of 80jim. Due to the 
internal stresses induced during the drawing process the wire has a large coercivity of 
-2000A/m. Cold-drawn wire does not exhibit the characteristic LBJ in non-annealed 
state. But when the wire is annealed at 470°C for 20 seconds, a typical Barkhausen jump 
is observed. Further annealing reduces the magnitude of the Barkhausen jump and it 
disappears after an annealing time of 3 minutes at 470°C (figure 5.7). It was assumed 
that annealing first relieves the stresses induced during cold-drawing so that the wire 
shows LBJ then the further annealing relieves the stresses induced during the 
solidification process.
The coercivity, He, is shown with respect to anneal time for annealing temperatures of
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420,460,470 and 480°C in figure 5.8 and 5.9 for un-drawn and cold-drawn wires. The 
coercivity of un-drawn as-cast wire is about 4 A/m. At first, Hc decreases with annealing 
time at 460°C until the annealing time is ~ l-3  minutes, then, it starts to increase gradually 
and increases very sharply when the annealing time is -100  minutes. This sharp increase 
is due to the partial crystallisation of the wire. The same behaviour of H,. is observed for 
the un-drawn wire annealed at 480°C. But in this case, the sharp increase in Hc occurs 
when the annealing time is about 60 minutes.
The coercivity behaviour of cold-drawn wire is quite different from that of the un-drawn 
wires. The behaviour of cold-drawn (CD) wires with diameters of 80pm and 100pm 
are however, very similar. Hc of CD 80pm wire decreases sharply from -2000 A/m to 
10 A/m after annealing for 20 seconds at 460°C. With further annealing, Hc reaches a 
minimum of 6 A/m after 5 minutes, then starts to increase sharply when the annealing 
time reaches 60 minutes. The same behaviour of He is also observed for an annealing 
temperature of 420°C but, in this case, Ĥ . decreases more gradually and reaches a 
minimum of 8 A/m after 40 minutes annealing, then increases sharply after an annealing 
time of 1000 minutes.
The decrease in Hc is due to the relief of the internal stresses (Sheard [1989]). It was 
found that the maximum amount of internal stress is relieved when the CD 80pm wire 
is annealed for between 0.2 and 3 minutes at 460°C. With further annealing at this 
temperature Ĥ . of both wires increases due to the crystallisation.
The He mechanism in the amorphous wires is slightly different from that in amorphous 
ribbons. When the wire exhibits the characteristic LBJ the measured H  is not really the 
coercivity. It is the nucleation field, which is the critical field, required to nucleate a 
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Figure 5.5: M-H loops of un-drawn 125pm wires, 7 cm long, annealed at 460°C for 
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Figure 5.6: M-H loop of cold-drawn 80|im wire, 7 cm long.
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Figure 5.7: M-H loops of cold-drawn 80p.m wires, 7 cm long, annealed at 470°C for



























Figure 5.8: Coercivity of un-drawn 7 cm long, 125|im wires as a function of
annealing time for the annealing temperatures of 460°C and 480°C. The lines are 
interpolated between the experimental data points.
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Figure 5.9: Coercivity of cold-drawn, 7 cm long, 80pm and 100p.m wires as a
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Figure 5.10: K of un-drawn 125pm wire as a function of annealing time for the
annealing temperatures of 420°C, 460°C and 480°C. The lines are interpolated 
between the experimental data points.
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Figure 5.11: K of cold-drawn 80p.m and 100(im wires as a function of annealing time. 











The anisotropy constant, K, was measured directly from the M-H loop with a maximum 
field of -2500 A/m by calculating the area, as shown in figure 1.2. It was assumed that 
K is equal to the Uk. In the as-cast wires K arises from the interaction between the large 
casting stress and the magnetostriction. K is about 2200 Jm'3 for as-cast, un-drawn wire 
and is about 4000-5000 Jm'3 for cold-drawn wires.
K decreases gradually and reaches a minimum of 130-150 Jm'3 for the cold-drawn wires 
annealed at 420°C after an annealing time of 110 minutes. K then starts to increase due 
to the partial crystallisation. At high temperatures, K decreases sharply and starts to 
increase at low annealing time (figure 5.10 and 5.11). According to figures 5.9 and 5.11, 
both K and of CD 80pm wire reach the minimum for anneal times of 1-10 minutes 
at 460°C. This shows that the best annealing time to relieve the maximum internal stress 
at this particular temperature is 1-10 minutes. A complete stress relief is found to be 
impossible due to the onset of crystallisation.
5.4 X-ray Studies
X-ray diffraction analysis was carried out using an X-ray powder camera, where the 
scattered intensity of X-rays from the wire is detected as a function of the scattering 
angle, 20. Figure 5.12 shows X-ray data of non-annealed CD 80pm wires and annealed 
at 480°C for 2 and 60 minutes. Crystallisation was not observed in the non-annealed and 
2 min annealed wire. 60 min annealed wire shows a peak around 20=53°.
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X-ray studies by Atkinson et a l [1992] showed that the crystallisation at the surface of 
un-drawn wires starts after annealing at 480°C for 4 minutes. Additionally, scanning 
electron microscopes studies showed the existence of sub-micron crystallites on the 
surface of the wire annealed for 8 minutes at 470°C. Further annealing leads to growth 









Figure 5.12: X-ray data of cold-drawn 80pm wire a) non-annealed b) annealed at 
480°C for 2 minutes and c) 60 minutes.
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Figure 5.13: Scanning electron microscope micrographs of un-drawn 125|im wire a)




The field dependent strain, also called the engineering magnetostriction, is related to 
the saturation magnetostriction constant by equation 1.9. When the wire is saturated the 
final angle between the magnetic moment direction and the magnetic field will be zero. 
So equation 1.9 can be written in the following form:
Ab = |^ s in 201 (5.3)
According to equation 5.3, in order to obtain maximum magnetostrictive strain, the 
initial magnetic moment direction must be perpendicular to the applied field.
Magnetostriction as a function of magnetic field was measured as explained in chapter 
4, section 4. In the cold-drawn (CD) 90|im wire annealed at 480°C for 2 min, the observed 
LBJ from M-H loop shows that there is an axially magnetised core which cannot 
contribute to A,e. Additionally, in stress relieved wires, the moments in the outer shell 
are not perpendicular to the wire axis and reorientation of these moments produces a net 
peak strain of ~48 ppm, which is slightly less than (3/2)A.s (figure 5.14). If the initial 
angle, 0j, is calculated from equation 5.4, 0; is about 70°.
For the 10 min annealed CD 90p.m wire, the peak strain is 36 ppm, indicating a substantial 
number of the magnetic moments initially make an angle to the wire axis of~54°. The 
largest peak strain (~55 ppm) was obtained for the wire annealed for 60 min. Surface 
crystallisation was observed in this wire. This leads to alignment of the magnetic 
moments initially in a direction perpendicular to the applied field and, because sinG—l, 
the peak strain can be identified with (3/2)^, giving a value of ^s=37ppm, similar to 
previously reported values (Konno [1989]). The 90 min anneal wire has a peak strain of
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~52 ppm which is almost equal to the peak strain of the 60 min annealed wire. The small 
decrease in the peak strain is due to the increase in the size of the crystalline part of the 
wire.
The M-H loop of CD lOOfim wire annealed at 480°C for 2 min shows the typical LBJ. 
M-H and X-H curves of this wire are very similar to those for the CD 90pm wire annealed 
at 480°C for 2 min. CD 100pm wire has a peak strain of 46 ppm, which gives an initial 
angle of the moments of ~66° to the wire axis (figure 5.15). LBJ was also observed, in 
the case of CD 70pm wire annealed at 480°C for 1 min. It has a peak strain of 66 ppm, 
which is much larger than any other measured value. The diameter of CD 70pm wire is 
much smaller than the diameter of the glass tube (figure 4.8). Therefore, during the X-H 
measurements the lateral motion of the CD 70pm wire, which increases the measured 
X value, becomes unavoidable.
Measurement of the magnetostriction of as-cast wire is impossible with this method, 
because of the friction between the wire and glass tube. Thomas [1992] measured the 
magnetostriction of un-drawn wire. In order to make the wire straight and get rid of 
surface roughness, wires were first current annealed under a tensile stress of 815 MPa 
and then furnace annealed. Peak strains of 27.5 ppm and 54.7 ppm were measured for 
wires annealed at 0.5 A for 1 min then at 460°C for 30min, and at 0.55 A for 5 seconds 
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Figure 5.14: Magnetostriction of CD 90pm wire annealed at 480°C, as a function of 
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5.6.1 Field Dependence of Young’s Modulus
Young’s modulus, E, was measured using the vibrating reed method, as explained in 
chapter 4 section 5. E/Es is plotted against applied magnetic field in figure 5.16 for 
un-drawn wires of various diameters. The ratios of E ^  and Emin/Es (where E ^  is the 
minimum value of E and E0 is the E at H=0) are shown in table 5.1. All the un-drawn, 
as-cast wires have almost same anisotropy constant, K, therefore difference in the E^n/E,. 
cannot be attributed to K. Both Emin/Es and EJES increase with increasing wire diameter. 
Chen et al [1984] suggested that the quenching process varies with varying wire 
diameter. This would lead to a change in the size of the inner core diameter and therefore 
in the size of the outer shell. The inner core diameter, D^, is calculated from the M /M s 
ratio, which is -0.5 for all as-cast wires. The ratio of the inner core diameter to the wire 
diameter, D, increases with increasing wire diameter. This shows a decrease in the relative 
size of the outer shell. Therefore it was concluded that the difference in the field 
dependence of E, E(H), of as-cast wires with different diameters is due to the variation 
in the size of the outer shell.
The field dependence of the E is explained using the Squire [1990] model. On the basis 
of the model, the values of Emin/Es and Eo/Eg can be used as indicators of the moment 
angle with respect to the wire axis at H=0 and of anisotropy, respectively. To compare 
the experimental data with theory, the equation 3.47 can be written as:
1  = _____1_____ (5.4)
Es l+|3F(h,e,Y) '
where p = ^ E s/K and F is a numerical factor and is a function of the easy axis orientation,
applied field and stress. The magnitude of E/Es is determined mainly by the
dimensionless ratio p. The measured values for un-drawn, as-cast 125|im wire are
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Emjn/Es=0.916 and. Eo/Es=0.962 with K=2000-4000Jm'3 and ES=16.2X1010- P is calculated 
to be 0.05-0.1 and F is set to 4.5, because according to the suggested domain structure 
(figure 2.9) the magnetic moments in the outer shell align perpendicular to the wire axis 
and these are the main cause of the observed AE effect. En ĵ/E, is calculated to be 
0.67-0.81. If the suggested domain structure is correct, the measured BJES is expected 
to be 1. Neither the Emin/Es nor the Eo/Es values calculated agree with the experimental 
values. This difference can be explained by the domain structure of the as-cast wire. 
Mohri et al [1985] reported, from domain observation that the easy axis in the outer 
shell varies along the wire length showing that the moments in the outer shell are not 
completely perpendicular to the wire axis. Also from observation of the Matteucci effect, 
Velazquez et al [1991] and Kinoshita [1990] suggested that there must be a helical 
component of the moments in the inner core of the wire. This shows that the easy axis 
in the inner core is not in the axial direction. Therefore, there is some contribution to the 
AE effect from the inner core.
Figure 5.17 shows the field dependence of Young’s modulus of the CD 100|im wire. 
During the cold drawing process a large internal stress is induced in the wire leading to 
an anisotropy of ~5000Jm'3. For this wire, P is about 0.04; as a result the change in E is 
only a few percent.
The effect of the temperature and annealing time on E(H) was studied at annealing 
temperatures of 370°C, 420°C, 460°C, 470°C and 480°C with annealing times from 0.3 
minutes up to 2500 minutes. The wire annealed at 370°C has a very small annealing 
time dependence. After annealing for 50 minutes, Eo/Es is about 0.68, Emî E,, is about 
0.62 and the M-H loop shows the characteristic LBJ.
Figures 5.18, 5.19 and 5.20 show examples of E(H) behaviour of annealed un-drawn 
and cold-drawn wires. The field dependence of E is almost the same in both the negative
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and positive applied field regions. Two minima usually occur when the field is changed 
from positive saturation to the negative saturation and vice versa. But the minimum 
values of E on the negative and positive sides of H are not exactly the same for wires 
annealed for shorter times. When the annealing time is increased, the difference in E ^  
values becomes smaller and then disappears.
Figure 5.21 illustrates the effect of the annealing time on Emin/Es and EJES. The 
measurement of E^n/Eg as a function of annealing time gives information about the 
change in the anisotropy. As can be seen from figure 5.21, Emin/Es behaves very similarly 
to K as a function of annealing time. For the un-drawn 125jim wire annealed at 420°C 
, both K and E^n/Eg decrease with increasing annealing time and reach a minimum at 
around 3 minutes annealing time. Both then remain the same the until annealing time 
reaches 1000 minutes, then they start to increase sharply. This behaviour of Eniij/Eg and 
Ej/Eg is also observed for the other annealing temperatures and for cold-drawn wires. 
But the Emin/Es behaviour of UD 125(im wire annealed at 460°C is slightly different. 
Emin/Eg first decreases from the as-cast, value then it gradually increases and starts to 
decrease again. With further annealing, Emil/E s starts to increase sharply. However, the 
behaviour of K is not the same as the Emin/Es behaviour for the wires annealed at that 
temperature. Therefore, it was assumed that the initial increase and decrease in Emir/E s 
is due to changes in the domain structure.
Eo/Eg is determined by the initial angle of moment orientations. The decrease in E^Eg 
for short annealing times is the result of relief of the residual radial stress. Therefore, 
magnetic moments will try to align in the wire axis direction because of the shape 
anisotropy. But E0 is always bigger than E ^  (i.e. E first decreases then increases with 
increasing H). This shows that the average angle of magnetic moments is always greater 
than 45° (figures 3.6-3.10). For wires annealed for short times the magnetic moments
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align between 45° and 60° to the wire axis. But this is not correct for the cold-drawn 
wire annealed at 420°C for 20 seconds. The E0=Emin and E ^  is very small. This indicates 
that the initial angle is between 20°-40°.
For the longer annealing times, E0/Es starts to increase and reaches a value of about 
0.9-0.95 showing that the easy axis must be close to the 90° to wire axis. The increase 
in Eo/Es can be related to the degree of partial crystallisation of the wire. Both X-ray 
and SEM studies showed that surface crystallisation starts at 30 minutes at 460°C, 8 
minutes at 470°C and 4 minutes 480°C.
Density measurements (Ok and Morrish [1981]) showed that completely crystallised 
ribbon has a higher density than an amorphous sample. It follows that a partly crystallised 
layer at the surface of a wire contracts, causing a compressive stress on the internal 
amorphous portion of the sample. For a positively magnetostrictive material, this will 
result (at H=0) in orientation of moments perpendicular to the direction of the 
compressive stress. In the case of the surface crystallised Fe-based wire, magnetic 
moments will align in either the axial or circumferential direction. If the moments are 
in the axial direction, the change in E with magnetic field is expected to be zero. But 
surface crystallised wires show a large field dependence and E0 is almost equal to Es. 
Therefore we suggest that in the surface crystallised Fe-based wire, magnetic moments 
align in the circumferential direction when H=0, as shown in figure 5.22.
Figure 5.23 shows the field dependence of E for un-drawn, annealed Fe77-5Si7 5B15 and 
Fe67Si10B15Cr8 wires. The Fe77i5Si7 5B15 wires with diameters of 95(im and 140|im show 
very similar E(H) behaviour to the Fe77 5Si7 5B15 125|im wire. Although Fe67Si10B15Cr8 
wire was not studied comprehensively, Emin/Es is about 0.67, which is smaller than Emh/E s 
forFe77 5Si7 5B15 wires. This is because Fe67Si10B15Cr8 wire has much smaller X^~10 x 10-6. 
Figure 5.24 illustrates the annealing time dependence of anisotropy field, Hk (i.e. the
-148-
field at the minimum value of E). The anisotropy field of wires annealed at 420°C first 
decreases then increases very gradually and then increases sharply. For the wires 
annealed at higher annealing temperatures, Hk first increases gradually then increases 
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Figure 5.16: Normalised Young’s modulus of un-drawn, Fe7 7 .5 Si7 .5 Bj5  as-cast wires as 
a function of applied field. The lines are interpolated between the experimental data
points.
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D (|nm) Din (Hm) Din/D Eo/Es Djnin/Es
95 60 0.63 0.957 0.893
125 8 8 0.7 0.962 0.916
140 99 0.71 0.974 0.925
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Figure 5.17: Young’s modulus of cold-drawn Fe7 7 .5 Si7 .5 Bj5  lOOjim wire as a function 
of magnetic field. The lines are interpolated between the experimental data points.
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Figure 5.18a: E(H) curve of un-drawn Fe7 7  5 Si7  5 B 15125|im wire annealed at 480°C for
2 0  seconds.
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Figure 5.18c: E(H) curve of un-drawn Fe7 7  5 Si7 5B15125|0.m wire annealed at 480°C for






4 8 0 0C 45mi n
0.2
O 2- 2
H ( k A / m )








— 4 —2 O 2
H ( k A / m )






480°C 1 20mi n
O . T
- 2 O 2 4—4
H ( k A / m )
(f)
Figure 5.18f: E(H) curves of un-drawn Fe7 7  5 Si7  5 B 1 5  125pm wire annealed at 480°C 
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Figure 5.19: Examples of E(H) curves for cold-drawn 100p.m wire annealed at 470°C

















Figure 5.20: Normalised Young’s modulus of CD 90pm wire annealed at 480°C as a
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Figure 5.21a: The effect of annealing time and temperature on Emin/Es and EyE... 
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Figure 5.21b: The effect of annealing time and temperature on Emin/Es and Eo/E  ̂
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Figure 5.21c: The effect of annealing time and temperature on Emin/Es and Eo/E  ̂
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Figure 5 .2Id: The effect of annealing time and temperature on Emin/Es and EJES. 
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Figure 5.21e: The effect of annealing time and temperature on Emin/Es and Eo/Es. 








1 O41 O 1 OO 1 OOO1
A n n e a l  T i m e  ( m i n )
Figure 5.21f: The effect of annealing time and temperature on Emin/Es and EyE^ 
Fe7 7 .5 Si7 .5 Bj5 CD 100pm wire annealed at 420°C.
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Figure 5 .2lg: The effect of annealing time and temperature on Emin/Es and E^E,.. 
Fe7 7 .5 Si7 .5 Bj5 CD 100pm wire annealed at 470°C. The lines are interpolated between
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Figure 5.23: Normalised Young’s modulus against applied field; a) Fe7 7 .5 Si7 .5 B 1 5  
140pm wire annealed at 460°C for 40 minutes, b) Fe7 7 5 Si7 5 B 1 5  95 pm wire annealed at 
460°C for 30 minutes, c) Fe6 7 Si1 0 B 1 5 Cr8 wire annealed at 500°C for 12 minutes. The 




















































Figure 5.24: Temperature and annealing time dependence of Hk. The lines are 














When a magnetic field is applied, as shown in figure 5.25, a magnetic pole of strength 
m will be induced at the free end of the sample and there will be a restoring force, 
mHsinG, in addition to the elastic restoring force tending to straighten the sample. This 
additional force increases the effective stiffness of the sample and increases its vibrational 
frequency (Berry and Pritchet [1979]).
If we assume that the pole force does not affect the shape of the vibrational mode, the 
frequency can be written as:
f v  . c  Y / 2
(5.5)
f“ 2k
Kn +  S n
V Dn ,
where Dn is the effective mass of the sample, Sn is the magnetic spring constant and Kn 
is the elastic spring constant. If the spring constant values for a wire-shaped material are 
calculated and inserted into equation 5.5, the following expression is obtained:
pTC2/4 2 1 I2
E = f e ^ - 2 ? V M H  ( 5 -6 )
where a* and yn are vibration constants. The pole effect is given in equation 5.6 by the 
second term on the right side. This term increases with increasing H, but the first term 
also changes with increasing H due to the change of frequency. The only region where 
a clear separation occurs is at larger fields where frequency can be taken as a constant. 
Then the first term becomes independent of the field. The second term becomes linear 
in H. yn in equation 5.6 varies from mode to mode. Therefore, pole effect varies from 
mode to mode according to the rapidly decreasing term yn in equation 5.6 (the calculated 
yn for different vibrational modes are ^=0.891, y2=0.0788 and y3=0.0165). So the pole 
effect becomes smaller at high vibration modes. The effect of the vibrational modes on 
the field dependence of E is shown in figure 5.26 for stress relieved 7 cm long FeSiB
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amorphous wire with a diameter of 125p.m. The geometry of the sample enters in the 
form of I1It1. Therefore the pole effect is greater for longer and thinner samples. For the 
wires used in this study, the typical I2It2 ratio is about 1.3 x KT6  which is very small 




Figure 5.25: Schematic illustration of the pole effect for a wire in transverse vibration. 
The restoring force mHsinG increases the stiffness and raises the vibrational frequency 
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Figure 5.26: Measured Young’s modulus behaviour of stress relieved amorphous 
FeSiB wire as a function of magnetic field for different vibrational modes ( the 
frequencies for mode 1 ~80Hz and for mode 3 ~1530Hz at H=0). The lines are 
interpolated between the experimental data points.
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5.7 Shear Modulus
The shear moduli, G, of amorphous wires were measured as a function of magnetic field, 
tensile stress, a, and torsional strain, e, (frequency 1-4 Hz) using a torsional pendulum. 
The magnetic field dependence of G, G(H), for un-drawn and cold-drawn, as-cast wires 
are shown in figure 5.27 and 5.28. Although a large magnetic field was applied (-10  
kA/m) the as-cast wires are not saturated, due to the effect of torsion.
The general features of the magnetic field dependence of G can be partially explained 
using the Squire model. G/Gs is assumed to be given by:
° =  I  (5 7)
Gs l + gD(h,0,y) '
where g=Xs2GJK  which is similar to the (3 in equation 5.4 and D is similar to F in equation 
5.4. Table 5.2 shows the minimum value of G, G ^ ; the shear modulus at H=0, G0, shear 
modulus at maximum applied field, Gmax, and the Gmin/Gmax ratio of Fe77.5Si7.5Bj5 as-cast 
wires with various diameters. G ^ G ^  increases with increasing wire diameter. G ^G ,, 
does not behave in a similar way to Emin/E0. The measured values for un-drawn, as-cast 
125|im wire are Gmin/Gmax=0.986, with K~2000-4000Jm'3 and Gmax=64.16GPa. g is 
calculated to be 0.022-0.044 which is much smaller than the (3 value. From this g value, 
Gmin/Gs is calculated from equation 5.7 to be 0.84-0.91, which does not agree with the 
experimentally measured value. This is because, firstly, the wire was not saturated, and 
secondly, in the calculation of G ^ G ^  F was set up to be 4.5 which is not correct. The 
reasons for this choice were given in the previous section. The shear modulus of as-cast 
140|im wire decreases with increasing tensile stress. The total change in G as a function 
of tensile stress is only a few percent, due to the high residual stress in the wire (figure 
5.29).
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Figures 5.30 and 5.31 show the G(H) curves of Fe775Si7 5B15 wires annealed at 420°C, 
460°C, 480°C and 500°C. The G(H) curves in figure 5.30 were obtained using the fibre 
optic pendulum system under the effect of 9MPa tensile stress. It was observed that the 
change in the modulus was not very large due to the high tensile stress. The large effect 
of tensile stress on G shows why it is necessary to use an inverted pendulum with a very 
sensitive tensioning capability. With the inverted pendulum the axial load can be reduced 
to 0.5 gram, equivalent to 0.43 MPa tensile stress. Figure 5.31 shows the G(H) curves 
of annealed Fe-n 5Si7 5B15125jim wires under the effect of 0.43MPa tensile stress. Table 
5.3 shows the G ^ , Gc, Gmax, G ^ G ^  and Go/Gmax values of furnace annealed wires. 
Gmin/Gjuaj of the wires annealed at 480°C first decreases from the as-cast value, reaching 
a minimum of 0.3 after 16 minutes annealing. The ratio then starts to increase again with 
increasing annealing time. This behaviour of Gnua/G^ as a function of annealing 
temperature is very similar to the Emin/Es behaviour of the wire annealed at the same 
temperature. Hence, the magnitude of Gmjn/Gmax is determined by K, as is Ejnu/E,.. In the 
case of the wires annealed at 500°C, no initial decrease in G^JGm&x is observed. This is 
because the temperature is very high and even a very short annealing leads to partial 
crystallisation of the wire.
After annealing at 530°C for 20 minutes the wire is fully crystallised. This was confirmed 
by X-ray diffraction and the high coercivity value (-1000A/m). The shear modulus of 
the wire increases from 64.5 GPa to 90 GPa with crystallisation. This is due to the increase 
in the density of the wire.
The G„/Gmax behaviour is very different from EJES as a function of annealing time. The 
E0 value reaches Es after a certain annealing time. This is not observed for G0. Two 
reasons can be given for this behaviour of G: a) although the applied tensile stress is 
very low (~0.43MPa) it is still high enough to rotate magnetic moments by some amount
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in the wire axis direction leading to a reduction in the initial angle; as a result, Go/Gmax 
will be less than 1 , because GJGmn is determined by the initial angle of the moment 
orientation; b) the torsional strain.
When a wire is twisted a torsional stress will be created. This torsional stress produces 
a torsional strain in the wire in a helical direction. When the magnetic strain energy 
density is larger than the magnetic anisotropy, the preferred magnetisation direction will 
be shifted into a helical path. Therefore, torsional strain will rotate the easy axis direction 
some amount depending on the magnitude of the applied torsional strain and the magnetic 
anisotropy (HernandoandBarandiaran [1975] [1978], Becker [1975]). Frankeral [1969] 
assumed that the magnetic moments are oriented at 45° to the wire axis when the torsional 
strain is sufficiently high.
Figure 5.32 shows the shear modulus of Fe77.5Si7.5Bt5 125pm wire annealed at 500°C for 
6  minutes at positive and negative H values. The two minima of G, one on the either 
side of H=0, are not equal, as observed in the case of Young’s modulus.
Figure 5.33 illustrates the effect of tensile stress on the shear modulus of wires annealed 
at 480°C and 500°C. The effect of tensile stress is very similar to the effect of the magnetic 
field. An approximate way of relating stress to magnetic field, valid for transversely 
field annealed ribbons, is to define an effective stress field Hc = 3 ^ 0 /2 ^ ^ .  If this is 
done for figure 5.33, the resulting stress field is about three times smaller than the applied 
field, but this discrepancy is not important in view of the completely different structure 
in the annealed wires.
Figures 5.34, 5.35 and 5.36 show the field dependence of G for un-drawn Fe77 5Si7 5B15 
95pm and 140pm wires and for Fe67Si10B15Cr8 135pm wire and cold-drawn 50pm wire. 
The G(H) behaviour of these wires is found to be very similar to that of un-drawn 125pm
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Fe77 5Si7.5B 15 wire.
Figure 5.37 shows the dependence of shear modulus on torsional strain for different 
annealing temperatures and annealing times. The largest change in the shear modulus is 
observed in the wire annealed at 460°C for 15 minutes. The modulus at low torsional 
strain decreases slightly, then starts to increase with increasing torsional strain. It is also 
found that the change in the shear modulus is smaller at higher applied fields or greater 
applied tensile stresses (figures 5.38 and 5.39).
The general behaviour of the shear modulus as a function of torsional strain is similar 
to the behaviour of the shear modulus as a function of applied field and tensile stress. 
When the directions of stress and magnetic field are both parallel to the wire axis, the 
model proposed by Squire [1990] can be used to explain the stress and field dependences 
of the shear modulus. However, the torsional strain induces a more complicated stress 
distribution than that induced by tensile stress, so the calculation of the torsional strain 
dependence of the shear modulus is a more difficult problem. Smith and Birchak [1970] 
assumed that the change in G as function of torsional strain is only due to the motion of 
90° domain wall. They expressed the AG effect as:
Xs
AG = 2.5 -  {1 -  exp(-2x) (1 + 2x)/x}, (5.8)
where
_  £ _  X
x"<rv
Oj is the average internal stress value, §  is the internal torsional strain, x is the torsional 
stress and Xj is the internal torsional stress. The model assumes G ^ G s ~ XJCi which can 
explain the effect of the annealing, because, with annealing, Gj is reduced, leading to a
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larger change in G. The model also assumes that G0 is always equal to Gs, which does 
not agree with our results. Therefore, the Smith and Birchak model cannot completely 
explain the torsional strain dependence of the shear modulus.
Hernando and Barandiaran [1975] and Kobelev et al [1987] proposed that in a twisted 
sample, no matter what the initial moment orientation is, irreversible magnetic moment 
rotation is possible. As a result, the torsional strain dependence of the shear modulus 
can be attributed to three mechanisms: a) reversible magnetic moment rotation, b) 
irreversible magnetic moment rotation, c) 90° domain wall motion. The exact expression 
for the torsional strain dependence of the shear modulus has not been well studied. 










95 56.27 57.98 58.04 0.969
125 63.25 64.7 64.16 0.986
140 61.16 62.6 61.98 0.987














420 5 33.08 33.01 62.5 0.529 0.528
420 60 19.34 19.34 64.1 0.302 0.302
460 15 19.89 16.07 63.2 0.315 0.302
460 30 20.73 18.61 62.38 0.332 0.298
460 55 31.14 18.48 65.68 0.474 0.281
460 70 28.2 17.77 64.67 0.436 0.276
480 0.16 39.82 38.64 66.55 0.598 0.581
480 2 32.78 30.27 60.33 0.543 0.501
480 10 25.88 20.61 64.58 0.401 0.319
480 16 24.53 19.68 64.78 0.378 0.304
480 45 37.45 32.67 64.37 0.581 0.504
500 1 12.6 11.45 63.1 0.199 0.181
500 6 20.17 13.65 64.43 0.313 0.211
500 15 26.53 17.02 64.51 0.411 0.264
500 20 40.87 28.51 64.4 0.634 0.443
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Figure 5.27: Shear modulus of as-cast wires against applied field: a) 95(im FeSiB 
wire, b) 125|im FeSiB wire, c) 140pm FeSiB wire, d) 140 pm FeSiBCr wire. The 
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Figure 5.28: Shear modulus of cold-drawn wires as a function of applied field. The 
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Figure 5.29: Shear modulus of as-cast FeSiB 140p.m wire as a function o f tensile 
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Figure 5.30d: Shear modulus of FeSiB 125pm wires annealed at 480° against applied 








6 0  
5 0  
4 0  
3 0  
2 0  
10
H ( k A /m )
Figure 5.31a: Shear modulus of FeSiB 125|xm wires annealed at 420°C against 
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Figure 5.31b: Shear modulus of FeSiB 125|im wires annealed at 460°C against 
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Figure 5.31c: Shear modulus of FeSiB 125|im wires annealed at 480°C against 












Figure 5.3 Id: Shear modulus of FeSiB 125(im wires annealed at 500°C against 
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Figure 5.32: An example of a typical behaviour of G for the FeSiB wire annealed at 
500°C for 6  minutes, at negative and positive applied fields. The lines are interpolated



















Figure 5.33: Shear modulus of FeSiB 125pm wire against applied tensile stress. The 
wire was annealed at 480°C. For figure captions see figures 5.31c. The lines are 






























Figure 5.33: Shear modulus of FeSiB 125fim wire against applied tensile stress. The
wire was annealed at 500°C. For figure captions see figures 5 .3Id. The lines are 
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Figure 5.34: The field dependence of the shear modulus of stress relieved amorphous 
wires with different wire diameters and compositions. The lines are interpolated 
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Figure 5.35: Shear modulus of CD 50pm wire annealed at 480°C as a function of 
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Figure 5.36: Shear modulus of CD 90pm wire annealed at 480°C as a function of 
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Figure 5.37: Shear modulus against torsional strain at zero applied field and 0.43MPa 
applied tensile stress, for different annealing times and temperatures.
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Figure 5.38: Shear modulus of FeSiB wire annealed at 460°C for 15 minutes as a
function of torsional strain at different applied fields and at 0.43 applied tensile stress.
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Figure 5.39: Shear modulus of FeSiB wire annealed at 460°C for 70 minutes as a
function of torsional strain at different applied tensile stresses and at zero applied 
field. The lines are interpolated between the experimental data points.
5.8 Magnetomechanical Damping
The damping, Q'1, of amorphous wires was measured as a function of applied magnetic 
field, tensile stress and torsional stress using an inverted pendulum. As-cast wires show 
almost zero damping due to the large internal stress (~200MPa) induced during the 
quenching in the manufacturing process. An estimate of the damping for as-cast wire 
by using equation 3.23 with this value of internal stress indicates that the maximum 
value of damping, Qm^1, is of the order of KX4, which is very small compared to the 
values found in annealed wires.
The results for wires annealed at 420°C, 460°C, 480°C and 500°C for various annealing 
times are shown in figure 5.40, where the damping is shown as a function of applied 
field. The torsional strain for these results was about 1 -  2 x 10~5 and the tensile stress 
was about 0.43 MPa. In all the damping measurements, the magnetic component of the 
damping was obtained by subtracting from the measured damping values the value 
obtained for the sample in the magnetically saturated state, for which damping is mainly 
due to air damping. The damping as a function of applied field first increases to a 
maximum, then decreases, which is a typical behaviour which has been observed in 
crystalline materials and amorphous ribbon materials (Kiss et al [1989]). If the damping 
versus magnetic field curves are obtained under the effect of ~0 tensile stress and torsional 
strain, the damping would increase from zero until a maximum was reached, then it 
would start to decrease with increasing magnetic field (i.e. damping at H=0 is always 
zero). But due to the effect of tensile stress and torsional strain this behaviour has not 
been observed.
The Qmax'1 of wire annealed at 480°C first increases and reaches a maximum then starts 
to decrease with increasing annealing time. This behaviour of Q ^x1 is also observed for
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other annealing temperatures. The initial increase in Q ^ 1 with annealing time is due 
to the relief of casting stress. The decrease in Qm '̂1 with further annealing is due to the 
onset of crystallisation.
Figure 5.41 shows Q'1 as function of H. The Qmax1 values in the negative H and positive 
H region are almost same. The damping behaviour of cold-drawn wire is found to be 
similar to un-drawn wires (figure 5.42). Figure 5.43 illustrates the effect of the tensile 
stress on Q 1. Even a very small applied tensile stress leads to a large change in Q'1. It 
was found that the effect of tensile stress is similar to the effect of magnetic field.
The Q 1 measurements were performed at low frequencies (1-4 Hz). The eddy current 
losses are therefore negligible, so the only significant damping mechanism is 
magnetomechanical damping, which is amplitude dependent and is independent of the 
oscillation frequency. Figure 5.44 shows the amplitude of oscillation against the number 
of the oscillation for FeSiB wire annealed at 460°C for 15 minutes. In this figure, the 
slope of the curves is proportional to the damping. When the applied field is 760 A/m 
the slope is almost constant, so the damping does not change with amplitude. At lower 
applied fields, at large amplitudes, the slopes of the curves are small showing that the 
damping is very small. When the amplitude is between 1° and 10°, the amplitude 
decreases sharply, indicating large damping.
The results for wires annealed at 420°C and 460°C for different annealing times are 
given in figure 5.45, where the change in damping is shown as a function of torsional 
strain. The behaviour of the damping curve against torsional strain for amorphous wire 
is similar to that normally observed in crystalline ferromagnetic materials (Sumner and 
Entwistle [1959]). Damping first increases, then decreases with increasing torsional 
strain. The maximum damping peak, Q ^ '1, is about 0.042 for the wire annealed at 460°C 
for 15 minutes. To obtain a damping peak as high as 0.042 at 420°C, longer annealing
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times are required to relieve the internal stress, in accordance with standard kinetics. 
Longer annealing at 460°C results in a reduction of the damping peak. This is attributed 
to the stress associated with surface crystallisation.
The fitted curves in figure 5.45 are from the Smith and Birchak model and are obtained 
using equations 3.21, 3.22 and 3.23. The parameters found from these fits are given in 
table 5.4. They confirm the reduction of internal stress with annealing, but show also 
that the heights of the peaks are not simply proportional to 1/Oj. The additional factor, 
K, in the model describes the shape of the magnetomechanical hysteresis loop, and 
therefore, indirectly, the domain structure. Since the domain structure in magnetostrictive 
amorphous wires is strongly affected by the internal stress, it is only to be expected that 
annealing will change the value of K. With the present extent of understanding of the 
domain structure in amorphous wires, it is not possible to give an adequate model for 
calculating K.
Figure 5.46 shows the same experimental data as figure 5.45, but the fitted curves are 
from the Degauque and Astie model (equation 3.31). The numerical parameters for Zx 
and Yx in equation 3.31 are selected by matching the peak value of the damping, On**1, 
to the peak value of \jq and by matching the torsional strain value at maximum damping, 
to Zj at maximum damping, Zlmax, at zero applied field so Y^O. This leads to two 
ratios, Qmax VViimax and emax/Zimax- Using these ratios and again matching the peak value 
by varying Y h theoretical curves were fitted to experimental data for different applied 
magnetic fields and tensile stress (figure 5.47 and 5.48). The parameters used in the 
curve-fitting for figure 5.46, 4.47 and 5.48 are given in table 5.5. It was assumed that 
the tensile stress has the same effect as the applied field and that the magnetic field is 
proportional to the tensile stress. The important point of the effect of the magnetic field 
to the damping-torsional strain curves is the initial increase in the height of the peak and 
the shift of it to lower torsional strain values. These features cannot be explained by the
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Smith and Birchak model, which gives the lowering value of Qmax’1 and predicts that the 
position of the Qmax'1 peak should shift to higher torsional strain values with increasing 
applied field or tensile stress. This does not agree with the experimental data presented 
here. Therefore, the fitted curves in figures 5.47 and 5.48 are shown only for the Degauque 
and Astie model. As explained above, figure 4.48 shows the effect of tensile stress on 
the damping-torsional strain curves. The damping peak decreases with increasing tensile 
stress. For the reason explained above, it is not possible to measure the zero tensile stress 
damping curve.
Figures 5.49, 5.50 and 5.51 show the same experimental data as figures 5.46, 5.47 and 
5.48, but, in this case, full least squares curve-fitting was done by a computer program, 
with the fitting parameters shown in table 5.6. Also, the horizontal axis is scaled by the 
shear modulus ratio, G/Gs, because the parameter Zx in the model is proportional to eG 
(equation 3.29). In previous studies of crystalline ferromagnetic materials, this correction 
has not been necessary because the change in the modulus amounted to less than 1%. 
In amorphous wires, by contrast, the modulus changes by a factor of more than two as 
the torsional strain varies, as shown in figure 5.37.
The behaviour of the damping peak of amorphous wires as a function of magnetic field 
or tensile stress cannot be fully explained by the Smith and Birchak model, because the 
effect of the magnetic field or the tensile stress on domain walls is represented as a 
random function. The model does not consider either domain structure or the angle 
between the easy axis and the field or tensile stress. The effect of magnetic field and 
tensile stress on the damping-torsional strain curves are explained by the Degauque and 
Astie model. According to this model, the magnetic field plays two roles. First, a very 
small field puts the domain walls in an energy position where torsional strain can perform 
a bigger number of irreversible domain wall jumps than in zero applied field, leading to 
an increase in magnitude of the damping peak. Secondly, at larger fields, the field itself
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becomes strong enough to cause irreversible jumps, so irreversible jumps due to the 
torsional strain will be less, leading to a lower damping peak. It is possible that the 
application of a very small stress to a stress-free wire may increase the damping peak 
by analogy with the effect of an applied field. Such an effect has not been observed in 
this study, because even a small load produces a large tensile stress. In principle, the 
parameter Y2 can be used together with equation 3.28 to estimate the mean easy axis 
direction; however, the precision of present data and statistics in the fitted values of Yj 
do not allow this. For the same reason, the correlation between the values of Yx and H, 








420 5 0.016 2.6 0.021
420 60 0.024 2.3 0.052
460 15 0.042 2.6 0.105
460 55 0.024 2.4 0.041
460 70 0.027 3.4 0.058
Table 5.4: Annealing conditions for the FeSiB wires, together with the parameters a i5 
Q ^ '1 and K to fit the Smith and Birchak model equations 3.22 and 3.23 to the 















420 5 0.0883 1.439 0 0 0.43
420 60 0.1163 1.410 0 0 0.43
460 15 0.1988 1.815 0 0 0.43
460 15 0.1988 1.815 0.39 35 0.43
460 15 0.1988 1.815 1.02 79 0.43
460 55 0.1202 1.583 0 0 0.43
460 70 0.1311 1.992 0 0 0.43
460 70 0.1311 1.992 1.1 0 4.71
460 70 0.1311 1.992 1.35 0 8.62
Table 5.5: Annealing conditions and parameters used to fit the Degauque and Astie 













420 5 0.0699 7.564 0.0109±0.062 0 0.43
420 60 0.1088 5.943 0.49±0.49 0 0.43
460 15 0.1664 5.681 0.0619±0.086 0 0.43
460 15 0.1896 3.676 -0.0095±0.075 35 0.43
460 15 1.2272 6.226 2.318±12.1 79 0.43
460 55 0.0910 6.031 0.032±0.084 0 0.43
460 70 0.2647 10.416 1.293±5.136 0 0.43
460 70 0.1340 16.366 1.486±8.8 0 4.71
460 70 0.0944 16.129 1.35±5.5 0 8.62
Table 5.6: Annealing conditions and parameters used to fit the Degauque and Astie 
model equations 3.28, 3.29 and 3.31 to the experimental damping data of figures 5.49, 
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Figure 5.40a: Damping against applied field at 0.43 MPa applied tensile stress for 
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Figure 5.40b: Damping against applied field at 0.43 MPa applied tensile stress for 
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Figure 5.40c: Damping against applied field at 0.43 MPa applied tensile stress for 
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Figure 5.40d: Damping against applied field at 0.43 MPa applied tensile stress for 
FeSiB 125|im wire annealed at 500°C. (for key see figure 5.3Id). The lines are 
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Figure 5.41: Damping against magnetic field for FeSiB 125pm wire annealed at 
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Figure 5.42: Damping against magnetic field for cold-drawn 90|im wire. The lines are 
interpolated between the experimental data points.
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Figure 5.43: Damping against applied tensile stress at H=0 for FeSiB 125fim wire 
annealed at a) 460°C b) 480°C (for key see figure 5.31c). The lines are interpolated 
between the experimental data points.
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Figure 5.44: Amplitude of the torsional oscillation against the number of the 
oscillation for FeSiB 125p.m wire annealed at 460°C for 15 minutes. The lines are 
interpolated between the experimental data points. A linear dependence indicates an 
















Figure 5.45: Damping against torsional strain at zero applied field and 0.43 MPa
applied tensile stress for different annealing temperatures and times. The fitted curves
were obtained from the Smith and Birchak model.
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Figure 5.46: Damping against torsional strain for FeSiB 125jim wire annealed at
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Figure 5.47: Damping against torsional strain for different applied fields for FeSiB





















Figure 5.48: Damping against torsional strain for different applied tensile stresses for 




















Figure 5.49: Damping against normalised torsional strain for FeSiB 125|im wire
annealed at different temperatures. For key, see figure 5.45. The fitted curves were
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Figure 5.50: Damping against normalised torsional strain for different applied fields
stress for FeSiB 125(im wire annealed at 460°C for 15 minutes. The fitted curves
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Figure 5.51: Damping against normalised torsional strain for different applied tensile 
stresses for FeSiB 125pm wire annealed at 460°C for 70 minutes. The fitted curves






6 Results and Analysis for Current and Field Annealed Amorphous 
Wires
6.1 Current Annealing
Electric current flowing through the sample has been used to heat the sample (Jagielinski 
[1983]). The current also creates a circumferential magnetic field in the wires. This 
circumferential field, Hq, is given by:
He = ~  (r«R 0) (6.1)
27tR0
where R0 is the wire radius and r is the distance from the center of the wire. Figure 6.1 
shows the circular magnetic field set up in a wire with a diameter of 125pm by the applied 
current. Due to the variation of the wire diameter, the current density varies along the 
length of the wire. This leads to a temperature gradient and an inhomogeneous magnetic 
field along the wire length. Therefore, the induced anisotropy should be taken as the 
mean value. Because of this temperature gradient, the temperature generated by the 
current annealing should be interpreted as the average temperature within the sample.
The effects of current annealing can be observed from the modification of the 
magnetisation curves. The typical effects of the current annealing on the M-H loops are: 
1) the high initial susceptibility becomes smaller as the annealing time increases, 2) the 
increase in magnetisation due to domain wall motion becomes smaller with increasing 
annealing time, 3) coercivity increases with increasing annealing time (Gonzalez et al 
[1988]).
The amorphous un-drawn Fe^ 5Si7 5B15125pm wires were current annealed as explained 
in chapter 4 section 2. Wires were annealed by ac and dc current at 737±7 mA and 605±5
-210-
mA for various annealing times. The annealing temperature during current annealing 
was derived from the resistance versus applied current graph, and estimated to be within 
the range 490±6°C for 737±7 mA and 402±4°C for 605±5 mA.
The M-H loops of 22 cm wires used in G(H) and Q !(H) measurements are shown in 
figure 6.2 and those for 7 cm wires used in E(H) measurements in figure 6.3. As can be 
seen from figures 6.2 and 6.3, the wire length has a much bigger effect on the M-H loops 
of the annealed wire than on those of as-cast wire. This is because, in the annealed wire, 
the domain structure is mainly determined by the shape anisotropy whereas in as-cast 
wires, the domain structure is determined by the interaction between the large casting 
anisotropy and magnetostriction. Figure 6.4 shows the coercivity as a function of 
annealing time. first decreases then starts to increase with increasing annealing time. 
There is a slight difference observed between ac and dc current annealed wires at 
730-745mA. The dc current annealing leads to a slightly sharper increase in Hc than does 
ac current annealing. This small difference between ac and dc current annealing was 
also observed in the amorphous ribbons by Gonzalez etal  [1987] and [1989].
The effect of current annealing is found to be very similar to that of furnace annealing. 
The current annealing first relieves the large casting stresses, then induces a 
circumferential easy axis due to the partial crystallisation and magnetic field created by 
the current. But the induced circular anisotropy due to the flowing current is almost zero. 
This is because the temperature is well above the Curie temperature.
The Young’s modulus and shear modulus as a function of applied magnetic field are 
shown in figures 6.5 and 6.6, respectively. The qualitative features of E(H) and G(H) 
are similar. As the annealing time is increased, Emin/Es and Gmin/Gs first decrease, then 
increase. This corresponds to the relief of the internal stresses, followed by the onset of 
crystallisation.
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The modulus variations of these current annealed wires are not as smooth as those 
obtained from furnace annealed wires. This is probably due to the temperature gradient 
set up along the wire length during current annealing. The nonuniformity is more obvious 
in the shorter wires used in the E(H) measurements, because the vibrating reed method 
is quite sensitive to mechanical inhomogenities in the sample. The 1 minute annealed 
wire does not display any drop in the modulus as H is increased from zero field. This 
behaviour is characteristic of easy axis directions at or less than 45° to the wire axis. The 
E(H) data for longer annealing times (5 and 10 minutes) do show an initial decrease in 
the modulus, indicating an easy axis direction between 45° and 60° to the wire axis. E0 
of the wire current annealed for 15 minutes is almost equal to Es, indicating that, initially, 
moments align in a direction perpendicular to the applied field.
No initial increase is observed in the damping, Q'1 for the current annealed wires (figure 
6.7). In addition to that, the peak value of the damping for current annealed wires is 
found to be less than that of furnace annealed wires.
6.2 Field Annealing
The amorphous un-drawn Fe77.5Si7 5B15125jim wires were field annealed with the field 
in a direction transverse to the wire axis to induce uniaxial magnetic anisotropy in the 
annealing field direction. The wires were cut 22 cm long and placed between two 
aluminium plates, which were placed between two magnets, and then heated by a heat 
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Figure 6.1: Internal magnetic field as a function of the distance from the center of the
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Figure 6.2: M-H loops of 22cm long FeSiB wires current annealed at 737±7 mA. 


















Figure 6.3: M-H loops of 7cm long FeSiB wires current annealed at 737±7 mA. 














Figure 6.4: Coercivity of current annealed FeSiB wires as a function of annealing 
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Figure 6.5: Normalised Young’s modulus of FeSiB wires current annealed at 737±7 
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Figure 6 .6 : Shear modulus of FeSiB wires current annealed at 737±7 mA against 





















Figure 6.7: Damping of FeSiB wires current annealed at 737±7 mA against applied 







FeSiB wires were field annealed at various temperatures for 60 minutes. Figure 6.8 shows 
the magnetic field dependence of the shear modulus of the field annealed wires. In the 
wires annealed between 370°C and 420°C, the internal stress was not completely 
relieved, so the field annealing was not successful. Although most of the internal stresses 
were relieved in the wire annealed at 450°C, the magnetic moments are mostly in the 
wire axis direction. G0 is almost equal to G ^ , showing that the average initial angle of 
moments is between 35° and 45° to the wire axis.
The earlier work of Wun-Fogle et al [1989a] showed that the magnitude of the annealing 
field is very important in inducing an anisotropy in a direction transverse to the wire 
axis. A much larger annealing field (-900 kA/m) is required for the field annealing of 
the amorphous wires in order to overcome the demagnetising effects.
To obtain such a high magnetic field, the gap between the magnets shown in figure 4.4 
was reduced to 0.5 cm. The amorphous wire was heated up by applying dc current. 
During the current annealing an 875 kA/m magnetic field was applied to the sample. 
The temperature of the sample was calculated as for the current annealing. The field 
anneals were performed around and above the Curie temperature. The annealing field 
was kept on while the wire was cooled down to room temperature.
Figure 6.9 shows the M-H loops of current field annealed amorphous wires. The 
magnitude of the linear part in the low magnetic field region decreases with increasing 
annealing current. Also, the coercivity first decreases from the as-cast value, then 
increases with increasing annealing current (table 6.1).
Figure 6.10 illustrates the magnetic field dependence of Young’s modulus of the field 
annealed wires at various currents. The maximum change in the Young’s modulus is 
observed for the wire field annealed at I=740±5 mA for 15 minutes, pre-annealed at
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I=820±5 mA for 15 minutes. The BJES ratios show that the magnetic moments are not 
completely perpendicular to the wire axis (table 6.1). The average initial angle orientation 
angle of the moments is between 60° and 70° to the wire axis. The anisotropy constant, 
K, obtained from the M-H loops are also given in the table 6.1. The maximum change 
in the Young’s modulus corresponds to the lowest value of K.
Figure 6.11 and 6.12 show magnetic field dependence of the shear modulus, G, and the 
damping, Q'1, respectively. The change in the shear modulus as a function of applied 
field in the current field annealed wires is as large as that in the furnace annealed wires. 
No initial increase in the damping is observed.
In the current-field annealed wires, the effect of the magnetic field due to the flowing 
current is almost zero. This is because the field annealing is always done above the Curie 
temperature. In conclusion, although the annealing field was large, an easy axis in a 
direction transverse to the wire axis was not induced. This is for two reasons: 1) complete 
stress relief is impossible before crystallisation begins, 2) the annealing field was still 
not high enough to overcome demagnetising effects and to induce an anisotropy in a 
direction transverse to the wire axis.
Wun-Fogle et al [1989a] claimed that they succeeded in transverse field annealing 
amorphous wires, but their proposed domain structure for the field annealed wires (figure 
2.10) shows that the magnetic moments are not in a direction transverse to the wire axis. 
The field annealed wire has two regions: an inner core and an outer shell. They assumed 
that the inner core moments align in the longitudinal direction in view of the observed 
sharp increase in the M-H loop at low field. They also suggested that the magnetic 
moments in the outer shell align in the circumferential direction because of the observed 
domain pictures, where the domain walls on the surface of the wires are running 
perpendicular to the length of the wire.
-221-
Their assumed domain structure is inconsistent with a successful transverse field anneal 
of an amorphous wire. It is well known that, in field annealing, an easy axis can be 
induced in the direction of the applied field and not in any other direction.
There is also another possibility. Earlier results showed that crystallisation starts after 
very short annealing times at 475°C, which is the field annealing temperature Wun-Fogle 
e ta l used. Therefore they should have also considered the effect of crystallisation, which 
aligns the magnetic moments in the circumferential direction. This may also explain 













720±5 15 427±4 2.44 134 - -
740±5 30 441 ±4 3.97 116 0.26 0.576
780±5 15 465±4 2.61 170 0.36 0.582
805±5 15 473±4 10.6 200 - -
820±5 30 476±4 4.27 195 0.47 0.707
Table 6.1: Annealing temperatures, coercivities, anisotropy constant and Emin/Es and 
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Figure 6 .8 : Shear modulus versus applied field for FeSiB wires annealed at various 



















Figure 6.9: M-H loops of current field annealed FeSiB wires. Figure A: the wire was 
annealed at a) 1=780 mA for 15 minutes, b) 1=805 mA for 15 minutes, c) 1=820 mA 
for 30 minutes, figure B: the wire, a) pre-annealed at 1=820 mA for 15 minutes then 
annealed at 1=720 mA for 15 minutes, b) pre-annealed at 1=820 mA for 15 minutes 
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Figure 6.10: Normalised Young’s modulus of current field annealed FeSiB wires, 
































Figure 6.11: Shear modulus of current field annealed FeSiB wires against applied 









Figure 6.12: Damping of current field annealed FeSiB wires against applied field. 





In this chapter, conclusions are drawn from the results of this project and suggestions 
for future work are given. Each subject of the project is presented in a different section.
7.2 Magnetostriction
The saturation magnetostriction, Xs, was obtained from the values of the engineering 
magnetostriction, Xe, of the surface crystallised wire, where the magnetic moments align 
perpendicular to the wire axis. Xs was calculated from the equation, Xs=(2/3)^e. For the 
cold-drawn (CD) Fe77.5Si7 5B15 90pm wire, Xs was measured to be 37 ppm, which is 
slightly higher than the value reported by others. Konno [1990] et al measured Xs to be 
35 ppm and Wun-Fogle et al [1989a] reported A*=30 ppm for the same wire.
It was observed that, with increasing annealing time, the peak strain decreased from 48 
ppm to 36 ppm and then started to increase, reaching a maximum of 55 ppm. From the 
peak strain values, the initial angles of the magnetic moments were estimated. The CD 
90pm wire annealed for 2 minutes at 480°C has two regions: an inner core, where the 
magnetic moments are aligned in the direction of wire axis, and an outer shell, where 
the magnetic moments are aligned at 70° to the wire axis. Further annealing reduced the 
peak strain and caused relief of the internal stresses, so the average initial orientation of 
the moments became smaller. After annealing for 60 minutes, the maximum peak strain 
of 55 ppm was obtained, showing that the moments were initially in a direction 
perpendicular to the wire axis.
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Measurement of the magnetostriction of as-cast wire was found to be impossible using 
the fibre optic dilatometer, because as-cast wire is not straight and the surface of the 
wire is rough. This caused mechanical friction between the wire and the glass tube during 
measurement (figure 4.8).
7.3 Young’s Modulus
In this study, the magnetic field dependence of Young’s modulus for Fe-based wires has 
been presented. As-cast wire showed a very small field dependence. The En̂ JEs and 
Eo/Ej ratios for as-cast wire were found to be about 0.9 and 0.965, respectively.
Furnace annealing for short annealing times led to decreases in both Emin and E0 from 
the as-cast values. Also, the relative magnitude of the Barkhausen jump to saturation 
magnetisation, Ms, increased, showing that the domain structure has been rearranged. 
At longer annealing times, surface crystallisation occurred, leading to increases in the 
Emin/Es and EJES ratios. For much longer annealing times, the amorphous bulk started 
to crystallise and the EnJE,. ratio became very small.
The magnetic field dependence of Young’s modulus, E(H), was explained using the 
Squire [1990] model. The model assumes that the magnitude of E/Es (i.e. Emin/Es) is 
determined by P=XS2ES/K. Therefore, the annealing temperature dependence of Emin/Es 
is attributed to the anisotropy constant, K. When the wire was annealed, a large change 
in K was observed. K decreased from the as-cast value of -2200Jm'3 to a minimum of 
-lOOJm’3. When K was minimum, the largest E ĵj/Es was obtained.
Using the Squire model, the initial angle of the magnetic moments were estimated from 
the EJES ratio. In as-cast wire the EJES ratio is about 0.965, showing that the magnetic
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moments in the outer shell are not completely in the radial direction, or that the magnetic 
moments in the inner core are not completely aligned in the wire axis direction. The 
suggested domain structure for as-cast wire is not completely correct. Further work and 
domain imaging of the as-cast wires need to be done.
Annealing led first to an increase in the EJES ratio due to the relief of the internal stress, 
so magnetic moments were aligned mostly in the wire axis direction. With further 
annealing the EyE,. ratio started to decrease and the magnetic moments aligned between 
45° and 60° to the wire axis. For longer annealing times, the E^E,. ratio increased and 
reached a maximum value of 0.9-0.95, showing that the magnetic moments aligned in 
a direction perpendicular to the wire axis.
X-ray measurements showed that, for longer annealing times, surface crystallisation 
occurred. This led to a compressive stress on the amorphous bulk of the wire and to the 
alignment of the magnetic moments in the circumferential direction in the amorphous 
bulk as, shown in figure 5.22.
Current annealing had a similar effect to furnace annealing on the field dependence of 
Young’s modulus, but in the case of current annealing, the temperature was not uniform 
along the wire length, due to the variation of the wire diameter (and hence a variation 
in current density), so some irregularities were observed in the E(H) curves.
The FeSiB 125(im wires were field annealed in a direction transverse to the wire axis. 
The wires were heated by applying current. An easy axis in the annealing field direction 
was not created. This is attributed to two factors: 1) annealing field (although it was 
-875 kA/m) was not high enough to overcome demagnetising effects, 2) the complete
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relief of the internal stress was found to be impossible due to the onset of crystallisation. 
In current field annealed wires, an average initial orientation of the magnetic moments 
between 60° and 70° with respect to wire axis was obtained.
In conclusion, it was found that the surface crystallisation method is much better and 
easier than field annealing for inducing a transverse anisotropy in the Fe-based 
amorphous wires.
7.4 Shear Modulus
The field dependence of shear modulus, G(H), was similar to the behaviour of E(H). In 
particular, the Gmin/Gs ratio behaved almost the same as Emin/Es as a function of annealing 
temperature and time. The Squire model was used to explained the field dependence of 
G. But the model cannot fully explain the behaviour of GJGst because the model does 
not take account of the effect of the applied torque. The applied torque aligned the 
magnetic moments in a helical direction in the wire. So the initial easy axis was shifted, 
depending on the magnitude of the applied torque. This reorientation of moments 
changed the G0 value. It was also found that, in the G(H) curves, the sample saturated 
at much higher applied fields, due to the applied torque.
The general behaviour of the shear modulus as a function of applied tensile stress and 
torsional strain was similar to the behaviour of the shear modulus as a function of applied 
field. An approximate way of relating the tensile stress to the applied field is to define 
an effective stress field, H<J=3Xso/2Ms|i0, which is only valid for transversely field 
annealed ribbons. Torsional strain induced a more complicated stress distribution into 
the wire than tensile stress, so the analysis of the torsional strain dependence of the shear 
modulus needs more work.
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7.5 Magnetomechanical Damping
Magnetic damping in ferromagnetic materials can be separated into three parts; 
macro-eddy currents, micro-eddy currents and magnetomechanical damping. The 
damping, Q 1, measurements were performed at low frequencies (1-4 Hz). Therefore, 
the effect of the eddy currents losses were very small. The only significant damping in 
this frequency range was the magnetomechanical damping.
As-cast wire showed almost zero damping. When amorphous wire was annealed, the 
peak value of damping first increased then decreased with increasing annealing time. In 
a completely crystallised wire, the damping was measured to be zero. Temperature and 
annealing time dependence of the damping can be explained using the Smith and Birchak 
[1969] model, which assumes Q ^ C j1. In the as-cast state, the wire has a large internal 
stress. So the damping for as-cast wire is zero. When the wire was annealed, the internal 
stress was reduced to as little as 2.3 MPa and the peak value of the damping was increased. 
Further annealing induced internal stresses, due to the onset of crystallisation, so the 
peak value of the damping decreased. However, the Smith and Birchak model cannot 
fully explain the effect of tensile stress and applied field on the damping versus torsional 
strain curves. The Degauque and Astie [1980] model was therefore used. The model 
assumes that the peak value of the damping is proportional to the number of 90° domain 
walls, Sl5 which perform irreversible jumps. When the wire was annealed, S2 was 
increased, so peak value of the damping increased. A low magnetic field or tensile stress 
put the domain walls in an energy position where torsional strain could trigger a greater 
number of irreversible 90° domain walls jumps, leading to an increase in the damping 
peak. At higher fields, the field itself became capable of triggering 90° domain wall 
jumps, so the number of irreversible jumps became less, leading to a decrease in the 
peak value of the damping.
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The magnetomechanical damping behaviour of the amorphous wires cannot be fully 
explained by the existing models. All the models have been developed using the 
magnetomechanical hysteresis (torsional stress-torsional strain) loop. Direct 
measurement of the stress-strain loop for amorphous wires was attempted but, due to 
the very small wire diameter, was found to be impossible. More study is necessary in 
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Appendix A-Torque on the Capacitor
The rotor plate in figure 4.20 is rotated by applying about 1000V to one of the pick-up 
plates. One of the driving plates is connected to ground. Therefore, an energy, U, will 
be induced between the plates, given by:
U = ̂ CV2 (A.l)
where C is the capacitance between the plates and V is the applied voltage. The 
capacitance is:
^ A 4 nr2,
c=eo4> A=-jr (A2)
A is the area of the pick-up plate, e0 is the permittivity of free space (£<=8.85 x 10-12
F/m), r is the radius of the plate (r=3 cm) and d is the distance between the plates
(d= 1.5mm). C is therefore about 4pF. When a voltage is applied, there will be a torque 
which rotates the rotor plate. The torque is given by:
dE 1 2dC 
r  = — = - V —  (A3)
d6 2 d0 K }
dC 4pF „ .  
de~L 57rad  P
The torque is calculated from equation A3 for V=1000V to be T = 1.25 x 10-6  Nm. The 
shear modulus of the wire is:
^  OG = - ,  o  = — (A4)
£ I
where is the angular displacement, / is the length of the wire, a is the radius of the wire 
and a  is the shear stress. The torque as a function of the stress is given by:
-249-
TKbGa4
dr = aa dA, r  = (A5)
If we take G=60GPa, l=20cm and a=61|im, the angular displacement will be
approximately 0.2 rad. This is a suitable initial angular displacement and it can be
increased if required by using a series voltage pulses.
To apply 1000V to one of the pick-up plates a circuit was designed as shown in figure 
A. Sj was used to apply 1000V, S4 was used to discharge the pick-up plate and S2 and 
S3 were used to protect the differential amplifier and to bring the circuit to the operating 
position.
In the switching process, four steps are used:
1) Close all the switches to connect all of them to earth.
2) Keep close Sj and open the other switches to apply high voltage.
3) Open 8 2 , 8 2  ^ d  S3 and close S4 to discharge the pick-up plate.
4) Open Sf and S4 and close S2 and S3 to bring the circuit back to the operating position.
After the third step the rotor plate starts to rotate and, at step 4, the output of the transducer 
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Review Article
Amorphous wires and their applications
P.T. Squire a>*, D. Atkinson a, M.R.J. Gibbs a>1, S. Atalay b
a School o f Physics, University o f  Bath, Bath BA2 7AY, UK 
b Indnii Universitesi, Fen-Edebiyat Fakultesi, Fizik Bolomii, Malatya, Turkey
(Received 5 October 1993; in revised form 4 December 1993)
Abstract
The basic physical and magnetic properties of Fe and Co based amorphous wires are summarised, together with 
post-production treatments used to modify the properties of the as-quenched alloys. The current status of the 
core-shell domain model is reviewed in the light of recent studies of the internal stress and easy axis distributions. 
Finally, a survey of recently proposed applications is presented.
1. Introduction
Amorphous ferromagnetic alloy wires pro­
duced by in-rotating-water quenching have been 
available for more than a decade. The magnetic 
properties of amorphous wires, with a wide range 
of compositions, have been investigated with a 
view to understanding both the basic behaviour 
and the potential for application [1],
It is generally accepted that the basic be­
haviour of the as-cast wires is associated with the 
coupling between the magnetostriction and the 
stresses induced during the rapid quenching pro­
cess. On the basis of magnetization measure­
ments, surface domain imaging, and domain wall 
propagation experiments, models of domain 
structure have been proposed for both negative 
and positive magnetostriction compositions [2]. 
However, an increasing volume of evidence clearly
* Corresponding author.
1 Now at the University of Sheffield, UK.
indicates that such models, in particular for the 
positive magnetostriction composition, are over­
simplified and should be refined.
A considerable number of potential applica­
tions utilizing the magnetic properties of amor­
phous wires have been reported. Such applica­
tions have been based primarily upon what can 
be termed pulse effects, which are associated with 
the rapid switching of magnetization, while other 
applications are based on magnetomechanical ef­
fects.
The magnetic properties of amorphous wires 
were the subject of a special symposium in 1990 
[1] which provided a review of the field up to that 
time; unfortunately the proceedings were not 
published. This paper presents a review of recent 
developments in the study of the amorphous 
wires. It summarises the developments in sample 
treatment and measurements, brings together the 
theoretical work describing the internal stresses 
associated with quenching, presents refinements 
to the suggested domain structure and describes 
the developments in device applications.
0304-8853/94/$07.00 © 1994 Elsevier Science B.V. All rights reserved 
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2. Basic physical properties
The compositions of amorphous wires with 
magnetically interesting properties are of the form 
(Fe, Co, Ni);cSiyBz, where the transition metal 
content is in the range 70-80% and the Si and B 
contents are in the range 10-20% [3]. Occasion­
ally additional elements, such as Cr, may be added 
to improve corrosion resistance. There are three 
families of composition that will be considered in 
this review: Fe-based, having large positive mag­
netostriction, Co-based, having small negative 
magnetostriction, and alloys having about 6% of 
the Co replaced by Fe to produce nearly zero 
magnetostriction. Magnetostriction plays a deci­
sive role in determining the magnetic and magne­
tomechanical behaviour of amorphous wires, be­
cause the dominant anisotropy is the result of 
residual stress and magnetostriction.
Some of the basic physical properties of se­
lected alloys are shown in Table 1. Caution is 
advised in using published magnetostriction data, 
because the values are rather sensitive to the 
exact composition, and to the casting conditions; 
published data also vary. The data in Table 1 
refer to the as-cast, or as-quenched state; some 
variation in all parameters can be expected after 
annealing, especially in the values of Young’s 
modulus E  and longitudinal acoustic wave veloc­
ity v L, which can develop strong field depend­
ence after annealing.
3. Magnetic characteristics
Much of the interest in amorphous wires has
been stimulated by their remarkable magnetic
properties. In this section we summarise the main
1.5 n  
1.0 :
-i.o-j x '  H s c a l e  x 1 0 0
— 1.5 -| I I I | I I i | 1—I—I 1 1—I 1 1 1 1 1 1—I 1 r—I
- 1 2  - 8 - 4  0 4 8 12
H (kA/m)
Fig. 1. Large Barkhausen effect in as-cast Fe775Si75B 15 wire. 
Solid line is low-field M - H  loop showing switching field; 
broken line is high-field M - H  loop showing approach to 
saturation. Loop time = 30 s.
magnetic features of amorphous wires, which may 
be broadly classified as pulse effects and magne­
tomechanical effects.
3.1. Pulse effects
The most striking feature of the hysteresis 
loop of many amorphous wires is the Large 
Barkhausen Effect (LBE), that shows as a vertical 
step in the hysteresis loop (Fig. 1). The magni­
tude of this step is typically half of the full 
magnetization change, expressed as a remanence 
ratio M r/M s ~  0.5 [6], It is observed in many 
compositions in the as-quenched state, whenever 
the magnetostriction is large enough, coupled with 
the casting stress, to produce the characteristic 
‘core-shell’ domain structure (Fig. 2). The low- 
field loop is essentially bistable in character; the 
exact nature of the bistability depends on the 
alloy and the internal stress [6]. The field at
Table 1
Basic physical properties of representative amorphous wires in the as-cast state [3-5] (figures in brackets are interpolated from data 
in [3])
Composition p (M g/m 3) £ ( G N /m 3) t;L (km /s) p,0Ms (T) 106AS
Fe775Si10B125 7.21 164 4.77 1.6 35
Co725Sii25B15 7.74 174 4.73 0.64 -5 .6
(Fe006Co094)72.5Si125B15 (7.70) (173) 4.74 0.8 -0 .0 8
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Fig. 2. Simplified diagram of the core-shell domain model for 
(a) positive magnetostriction, and (b) negative magnetostric­
tion (after [6]).
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which the core switches from one stable state to 
the other is called the switching fie ld , and is 
usually denoted by H *.
The LBE is generally explained in terms of the 
switching of the axially magnetized core by the 
propagation of a single 180° domain wall along 
the wire. The propagation of this domain wall can 
be directly observed by positioning one or more 
short sensing coils along the wire. The shape of 
the resulting voltage pulses, and their time differ­
ence can be used to infer the shape and size of 
the wall and its speed [7-10], A related effect is 
the generation of a voltage across the ends of a 
twisted wire when it is placed in an alternating 
magnetic field (Fig. 3a); this is known as the 
M atteucci Effect [11]. The magnitude of this in 
amorphous wires can amount to several tens of 
mV, making it potentially useful for sensor appli­
cations. The normal arrangement for observing 
the Matteucci effect is with the applied field 
produced by an external coil along the wire axis. 
An alternative arrangement, requiring no coils 
[6], uses an alternating current along the wire to 
produce a circumferential or helical field at the 
wire surface. If this is sufficiently large it can 
induce core switching, resulting in a Matteucci 
voltage; this can be distinguished from the low- 
frequency driving voltage by high-pass filtering 
(Fig. 3b). A third arrangement [6], (Fig. 3c) uses 
an alternating field perpendicular to the wire axis 
to produce local core switching. This results in a 
Matteucci voltage at twice the exciting frequency,
(C)
'ac torsion
■q  amorphous  wire
Fig. 3. Matteucci effects in amorphous wires, (a) Normal 
arrangement with externally applied axial alternating field, (b) 
Coil-free arrangement [6]. (c) Perpendicular effect [6].
which has been used to demonstrate a data tablet 
[11].
The other pulse effect that has the potential 
for device applications is the Inverse Wiedemann 
Effect [12,13], In its general form this is a change 
in the magnetic induction of a material caused by 
an applied torsion. The particular form that is 
observed in amorphous wires is a torsion-induced 
change in the switching field of a bistable wire, as 












Fig. 4. Inverse Wiedemann effect.
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A particular advantage of the pulse voltages 
that are produced by these effects is that they 
depend only weakly on the frequency of the excit­
ing field, since they arise from the propagation of 
a domain wall, not on the rate at which the 
applied field changes.
3.2. M agnetomechanical effects
Magnetomechanical effects are here taken to 
include any interaction between the magnetic and 
mechanical properties of a material. The most 
direct magnetomechanical effect is magnetostric­
tion. As shown in Table 1, the saturation magne­
tostriction As can vary from a few ppm negative 
for cobalt-based wires to nearly 40 ppm positive 
in iron-based wires. In suitably annealed samples 
this can result in rates of change of strain 9A /9 H 
and quadratic dependence A = c H 2 that are as 
large as those found in amorphous ribbons [14], 
and much greater than those found in crystalline 
materials (Fig. 5).
A consequence of magnetostriction is the field 
dependence of the elastic moduli, in particular 
the Young’s modulus: the A E  effect. The magni­
tude of the AE effect in wires can approach that 
of optimally annealed amorphous ribbons, with a 
maximum variation by as much as a factor of five
[16]. Typical results are shown in Fig. 6 . Similar
6 0
60
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Fig. 5. Engineering magnetostriction of cold-drawn and an­
nealed F e775Si75B 15 wires annealed at 480°C for various 
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Fig. 6. AE  effect in current-annealed F e775Si75B 15 wires 
(solid line) with the data for as-cast wire (broken line) for 
comparison [16].
behaviour is observed with the shear modulus, 
leading to a AG effect of comparable magnitude
[17].
A less well known effect is magnetomechanical 
dam ping. This is the damping of mechanical oscil­
lations by coupling between the mechanical dis­
placement and irreversible wall movements. It 
can be a very large effect in suitably prepared, 
magnetostrictive amorphous wires [18].
4. Post-production treatments
The metallurgy of amorphous wire production 
determines the diameter of the as-cast wires to be 
in the range 1 0 0 - 2 0 0  |am for the compositions 
that are magnetically interesting [3]. The rapid 
quenching process leaves a substantial residual 
stress in the as-cast wires. Estimates based on the 
measured anisotropy constant and saturation 
magnetostriction ( K u =  |Ascr) put the residual 
stress crr at between 40 and 330 MPa for a wide 
range of compositions [6 ]. As-cast wires com­
monly exhibit the LBE and the associated Mat­
teucci and inverse Wiedemann effects, and so 
may be used directly for applications based on 
these effects.
Features of as-cast wires that may make them 
unsuitable for other applications include the large 
anisotropy (typically ~  103  J /m 3  [6 ]) and spatial 
inhomogeneity [19]. In order to overcome the
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limitations set by these features, several kinds of 
post-production treatment have been used. An­
other reason for post-production treatment of 
amorphous wires is to induce bistability in com­
positions that are not bistable in the as-cast state, 
particularly the near-zero magnetostriction Co­
rich composition [20]. Surprisingly large 
anisotropies ( ~ 1 0 0  J /m 3) can be induced by 
annealing this alloy under stress [21]. The variety 
of treatments and effects is too large for a full 
description here; a summary is given in Table 2.
5. Domain models
The basic core-shell model of magnetic do­
main structure (Fig. 2) has proved very effective 
for understanding the magnetic behaviour of 
amorphous wires. However, as a result of recent 
studies it is necessary to refine the model. In this 
section we review these studies and discuss their 
implications for domain models.
5.1. Internal stress distribution
In its simplest form the core-shell model as­
sumes a residual radial tensile stress in the as-cast 
state. Combined with positive magnetostriction 
this produces a radial easy axis. On the other 
hand, shape anisotropy favours axial magnetiza­
tion. The resulting domain structure (Fig. 2a) 
consists of radially magnetized domains in the
outer shell. The large demagnetization energy 
that would result from a pure radial domain 
structure is reduced by axial closure domains on 
the surface and along the core. The easy axes are 
thus either along the wire axis or perpendicular 
to it, and the moments in zero applied field make 
angles of either 0 or 90° to the axis, except in 
domain walls. Negative magnetostriction results 
in the ‘bamboo’ domain structure shown in Fig. 
2 (b), with the easy axis circumferential.
The actual stress distribution inside as-cast 
wires has been the subject of some debate. Ki­
noshita et al. [31] studied the effect of applied 
tensile and compressive stresses on the Matteucci 
voltage and nucleation field, and deduced that, in 
addition to the radial tensile stress, there is an 
axial stress that changes progressively from com­
pressive at the surface to tensile at the centre. 
This would be completely consistent with the 
above domain structure. Attempts to calculate 
the residual stress by considering the temperature 
gradients during quenching have resulted in con­
flicting pictures. Madurga and Hernando [32] 
modelled the quenching process with radial heat 
flow and a series of concentric solidifying shells. 
They calculated the radial stress in arbitrary units, 
and showed that it is positive for all radii, with a 
maximum near 0.7 times the wire radius rw. Liu 
et al. [33] also modelled the cooling process; their 
results for wire with a radius of 60 |xm show what 
appears to be the residual axial stress falling 
rapidly from ~  1200 MPa compressive at the
Table 2
Post-production treatments of amorphous wires
Treatment Purpose Comments Refs.
Cold-drawing Improve surface quality.
Improve cross-sectional uniformity. 
Reduce demagnetizing factor
Produces large residual stress, so annealing 
is required for magnetic use
[1,3,19]
Furnace annealing Reduce residual stress and anisotropy to 
improve magnetic softness.
Induce controlled surface crystallization
Good temperature uniformity. 
No magnetic field.
Limited to short samples
[15,23,24]
Current annealing As furnace annealing.
The current can be steady or pulsed 
(‘flash annealing’)
Quick and convenient.
Temperature nonuniform because of local 
inhomogeneities; also difficult to measure
[15,16,25,26,27]
Current +  stress 
annealing
Induce controlled anisotropy Difficult to obtain uniformity [1,21,28,29,30]
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surface to zero at a depth of about 20 iJim. It then 
rise gradually to about 150 MPa tensile halfway 
in, finally falling to zero at the core (Fig. 7). 
Velazquez et al. [34] calculated three components 
of stress: axial, radial and azimuthal. Their results 
(Fig. 7) for the axial and radial components are 
qualitatively consistent with those of [32] and [33], 
but the quantitative agreement with [33] is not 
close. The existence of the predicted azimuthal 
component is supported by measured asymmetry 
in the Mip-H z hysteresis loops.
Experimental studies of the internal stress have 
mainly involved measuring the dependence of the 
remanence Mr and switching field H* on applied 
axial stress (e.g. [24,31,35-37]). Typical of these 
studies is [35], in which the authors assume radial 
stress with a Gaussian distribution. They fit the 
experimental curves with various values of mean 
stress and dispersion, obtaining values of 6  MPa 
and 200-250 MPa respectively for best fit. Fig. 7 
indicates that the dispersion is of the right order 
of magnitude, but neglect of residual axial and 
azimuthal stress components, and the assumption 
of a Gaussian distribution, are not well founded. 
A  more recent study [36] deduces a mean internal 
stress of 150 ± 15 MPa from the stress depend­
ence of the switching field, based on calculation 
of the wall energy. The distribution of radial 
stress within the outer shell is derived from the 
stress dependence of the remanence; the results
250
0
-2 5 0  - 
-5 0 0  
-7 5 0  - 
-1 0 0 0  




Fig. 7. Calculated stress distributions in as-quenched wires; 
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Fig. 8. Stress dependence of the switching field H *  in as-cast 
F e775Si75B 15 wires. □ [36]; a  [25]; * [31]. Also shown is the 
wall mobility (♦ )  [7].
show a broad, non-Gaussian distribution between 
0 and 450 MPa.
The appearance of a minimum in the stress 
dependence of the switching field at an applied 
axial stress of about 150 MPa [36] is matched by a 
maximum in the stress dependent wall mobility at 
the same stress [7]. Both effects are consistent 
with a mean internal stress value of this magni­
tude. Fig. 8  shows some of these data.
5.2. Easy axis distributions
It is generally accepted that the dominant 
anisotropy mechanism in amorphous wires is that 
caused by stress and magnetostriction. In princi­
ple, therefore, it should be possible, given the 
internal stress distribution, to calculate the inter­
nal anisotropy at any point; in particular, the easy 
axis distribution should be calculable. Some care 
is needed in this step. The principle danger is in 
treating stress as a vector, rather than a tensor. 
This can result in easy axes at angles intermedi­
ate between the principle stresses [34], whereas 
the easy axis for positive magnetostriction is al­
ways in the direction of the largest orthogonal 
stress component. Consequently, the easy axis 
directions for principal stresses along and orthog­
onal to the wire axis should also be along and 
orthogonal to the wire axis; that is, in zero ap­
plied field, all moments should lie at angles of 0
16 P.T. Squire et a l./Journal o f  Magnetism and Magnetic Materials 132 (1994) 10-21
or 90° to the axis. This is the situation repre­
sented in the original core-shell model (Fig. 2).
There is strong evidence that this picture is 
oversimplified. Three types of experiment sup­
port the existence of a significant spread of easy 
axis angles in as-cast wires: second harmonic volt­
age measurements, the Matteucci effect and field 
dependent elastic modulus measurements.
When a small ac field is applied along the axis 
of a wire, moments in the core inclined at nonzero 
angles to the axis induce voltages in an axial 
pickup coil at twice the excitation frequency. Ki­
noshita [37] has used this effect to estimate the 
easy axes in the core of as-cast Fe-based wires to 
be inclined at angles between 40° and 65° to the 
wire axis. Supplementary measurements of the 
pulse voltages induced in short pickup coils are 
interpreted by assuming angles between 40° and 
48°. The shell moments are not involved in these 
measurements because of the closure domain 
structure.
The Matteucci effect normally appears when a 
sample is twisted, thereby inducing helical 
anisotropy. The measurement of small Matteucci 
voltages in untwisted wires (e.g. [1 0 ]) shows clearly 
that some helical anisotropy exists in the as-cast 
state.
The third type of measurement that confirms a 
range of easy axis angles is the A E effect. It has 
been shown [38], that moment rotation through a 
full 90° results in a zero-field Young’s modulus 
E0 equal to the saturation value, accompanied by 
a fall to a minimum at the anisotropy field H K, 
and a sudden return to the saturation modulus 
above H K. The field dependence of the ratio 
E / E s is a sensitive function of the easy axis 
orientation [39]; the shear modulus can be used 
in a similar way. Measurements of the field de­
pendent elastic moduli have been used to study 
the behaviour of the easy axis distribution in 
as-cast and annealed amorphous wires [16,17,23, 
26]. Fig. 9 shows the field dependence of Young’s 
modulus for an as-cast Fe-based amorphous wire. 
The value of E0/ E s is substantially less than one 
on the scale of the small overall effect; the modu­
lus also shows a pronounced minimum. This be­
haviour can only be explained in terms of mo­
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Fig. 9. Field dependence of the Young’s modulus of as-cast 
Fe775Si75B 15 wire, normalised to the saturation value. The 
ideal behaviour of a material with pure moment rotation 
through 90° [38] is shown for comparison.
axes inclined between 45° and 90° to the wire 
axis. In this case, the moments responsible for the 
effect are predominantly in the shell, not the 
core, because the measured modulus is over­
whelmingly determined by the material at larger 
radii for purely mechanical reasons. Similar re­
sults have been obtained with Co-based wire. It is 
interesting to note the suggestion, based on direct 
domain observations in [40], that the surface clo­
sure domains may not be exactly parallel to the 
surface. This supports the above argument.
The dispersion of easy axis angles throughout 
the volume of as-cast amorphous wires shows that 
the dominant stress axis must also vary. One 
mechanism that has been suggested [1 0 ] to ex­
plain this is that during the solidification process 
random twisting stresses are introduced. A fur­
ther possibility is afforded by the microscopic 
voids that have been reported in the bulk of 
fractured amorphous wires [41]. Although these 
are estimated to occupy less than 0 .1 % of the 
volume, the distortion of the stress field around 
them could extend to a significantly greater frac­
tion of the material.
5.3. The current status of domain models
The basic validity of the core-shell model has 
been established by extensive indirect experimen­
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tal studies, and is consistent with direct surface 
domain observations that have been reported. A  
major problem with direct domain observations is 
that they can only be made on the surface, either 
of unpolished wires (e.g. [42-44]) or of polished 
flats [40,44,45]; the domain structures inside the 
wire can only be inferred. However, by combining 
direct and indirect evidence it has been possible 
to build up a fairly detailed picture of the domain 
structure, especially in as-cast Fe 7 7 5 Si7 5 B 1 5  wire. 
A Bitter colloid domain image taken on the sur­
face of an as-cast Fe 7 7 5 Si7 5 B 1 5  wire is shown in 
Fig. 10. The helical pattern is not observed at all 
positions along the surface; at other places the 
dominant bands run at various angles to the axis, 
as shown in [10]. The smaller lines are thought to 
correspond to the closure domains shown in Fig. 
2(a). What these images show is that the shell 
domain magnetization vectors are not aligned 
exactly at 90° to the wire axis, and that there are 
random variations in the domain geometry, pre­
sumably controlled by local variations in the cast­
ing stresses, as mentioned in Sections 5.1, 5.2 
above.
Recent studies of the variation of remanence 
near the ends [46], and ac loss [47] in as-cast 
Fe-based wires suggest that the core does not 
consist of a single cylindrical domain. Instead the
authors propose a zero-field tubular domain 
structure, consisting of an inner core magnetized 
in the opposite direction to the remanent magne­
tization, and an outer tube magnetized parallel to 
the remanent magnetization. There is no inde­
pendent evidence for this suggestion and, since 
the argument is rather indirect, it is safer to 
retain the existing picture (Fig. 2) of a single core 
domain over the central part of a wire long enough 
to be bistable. The evidence [8,45,46] for the 
existence of reverse spike domains at the ends is 
stronger. There is a significant magnetostatic en­
ergy reduction associated with such an arrange­
ment. The length of the reverse domains can be 
estimated from the critical length for bistability 
[36], if it is assumed that bistability disappears 
when the reverse domains at the two ends meet 
in the middle. This estimate suggests a length of 
about 3 cm for the reverse spikes.
The picture that emerges from the studies 
reviewed here is that in the as-cast state of the 
highly magnetostrictive Fe-based amorphous 
wires, the domain structure is basically as shown 
in Fig. 2, but modified by (a) reverse spike do­
mains at the ends; (b) a helical component of 
magnetization in the core; and (c) a distribution 
of easy axes in the shell. An attempt to depict 
these refinements is shown in Fig. 11. Further
zero applied magnetic field 2 0 p.ni
Fig. 10. Domain image taken by the Bitter colloid technique on the surface of an as-cast F e775Si75B 15 wire.
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Fig. 11. Postulated domain structures for as-cast F e775Si75B 15 
wires (not to scale): (a) Reverse spike domain structures in 
the core at the ends, (b) Spread of moment directions in the 
core and sheath; the closure domains (cf. Fig. 2) are omitted 
for clarity.
study is needed to clarify our understanding of 
the internal domain structure.
6. Applications
Applications of amorphous wires have been 
proposed that utilise all the basic phenomena 
described in Section 2. A good review of applica­
tions proposed up to 1990 has been given in [1]. 
This survey attempts to supplement and update 
that review.
6.1. Applications based on effective permeability
Amorphous wires are attractive as magnetic 
cores because they are small, can have high per­
meability and good frequency response. Several 
applications based on amorphous wire cores have 
been demonstrated.
The largest group of applications is based on a 
device originally described by Mohri [48] for use 
with ribbon cores. The device is a multivibrator 
circuit whose frequency depends on the effective 
permeability of two amorphous cores, acting in 
push-pull. The effective permeability depends on
the applied dc magnetic field, and the output of 
the device, in a suitable feedback arrangement, is 
a voltage that varies linearly with field. By adjust­
ing the feedback circuit a voltage of ± 15 V can 
be obtained for fields of ± 5  to ±90 mT [49]. The 
linearity and calibration factor are maintained 
over a temperature range from — 196°C to 
± 180°C [50]. The frequency response extends to 
at least 5 kHz [49].
In addition to its use as a field sensor, with a 
sensitivity of 0.1 |xT for dc and 10 pT for ac [49], 
the device can be adapted as a current sensor for 
busbar currents up to 300 A at up to 5 kHz 
[50,51]; and for measuring secondary core motor 
currents of a few amps, at temperatures up to 
180°C, and in the presence of stray fields and 
rotor vibration [50]. Other applications include 
high-resolution rotary encoding [49], and as a 
mechanocardiogram, using a small magnet on the 
body surface to produce field fluctuations [52]. 
Various arrangements of more groups of cores 
can be configured as torque sensors for static and 
dynamic torque measurement, free from the large 
temperature sensitivity that accompanies magne­
tostrictive torque sensors [50,53].
A device related to the Mohri multivibrator 
has been described by Kozak et al. [54]. In this 
the inductance of a coil containing the amor­
phous wire core forms part of a resonant circuit. 
The feedback voltage required to maintain stable 
oscillation varies almost linearly with external 
field at up to 5 mT, and the noise level is ~  0.1 
M-T.
A novel configuration for a field sensor has 
recently been described by Mohri et al. [55]. 
Based on what the authors call the magneto-in­
ductive (MI) effect, it utilises the circumferential 
field produced by a current in a wire with a 
circumferential domain structure to produce a 
circumferential flux change. This, in turn, pro­
duces a voltage across the end of the wire. An 
external axial field reduces the voltage, so the 
device acts as a field sensor. For use as a field- 
sensing element (Mi-head) a low-magnetostric- 
tion FeCoSiB wire is folded into a hairpin shape 
5 mm long. It is excited by a current of 30 mA at 
10 kHz. A dc field of 0.4 kA /m  parallel to the 
wire axis reduces the induced voltage by 40%.
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Two applications of this Mi-head are described: a 
rotary encoder and a cordless data tablet. In a 
later paper [56] the element is analysed as a 
field-dependent inductance element. Functionally 
it behaves very like the Matteucci element in Fig. 
3(b), although it does not require any twisting of 
the wire.
A rather different application of high-permea- 
bility amorphous wire cores is as planar induc­
tance elements. These consist of a woven combi­
nation of copper current-carrying elements and 
bundles of very fine (5-30 pm) amorphous wires, 
obtained by etching. Typical performance of an 
inductor element is L = 10 |jlH, with a Q-factor 
of > 10 from 0.5-10 MHz [57]. Transformers 
with coupling coefficients of 0.96 can be made to 
operate up to 20 MHz.
6.2. Applications based on pulse effects
One of the earliest suggestions for utilising the 
LBE in amorphous wires was as pulse generator 
elements. An alternating field applied to a 
bistable wire produces a sharp voltage pulse in a 
surrounding pickup coil each time the field goes 
through the switching field H*. The sharp flux 
transition results in a signal spectrum extending 
to high frequencies, thus enabling objects to be 
tagged for identification purposes. In as-quenched 
wires the switching fields are inconveniently low, 
and a minimum length of 6 -7  cm is required for 
bistable behaviour. Cold drawing FeSiB wires 
down to 50 (Jim , followed by annealing under 
tension, allows the critical length to be reduced 
to 2 cm and also provides limited control over H* 
[58]. Pulse voltages of 0.3 mV per turn were 
reported. Co3 9 Fe39Si9B13 drawn to 30 or 50 pm, 
and annealed under tension has been shown to 
provide accurate control over H* up to 0.23 mT 
for pulse generator elements as short as 1 cm. A  
possible application for several such wires is as 
binary coded object markers for identification pur­
poses [59].
The bistable behaviour of magnetostrictive 
wires is sensitive to applied stress. The effective 
small signal ac permeability can thus be modified 
by the application of stress. Wun-Fogle et al. [29] 
have suggested the use of this effect as a sensitive
strain gage for use in torque sensing. The esti­
mated figure of merit is ~  2000, compared with 
the typical value of 2 for resistive strain gages. 
More detailed characterisation of this device is 
needed for a proper assessment of its potential.
A data tablet based on the perpendicular Mat­
teucci effect (Fig. 3(c)) has been demonstrated by 
Kimura et al. [11]. A 40 X 40 array of 50 pm 
folded, nonmagnetostrictive FeCoSiB wires, 
spaced at 5 mm intervals, was powered by a 5 mA 
dc applied to each wire in turn. The pen was in 
the form of a cored coil, excited at 140 kHz. The 
field produced by the pen was perpendicular to 
the axis of the wires, and the amplitudes of the 
Matteucci voltages at 280 kHz was decoded to 
calculate the position to within an estimated 0.1 
mm at a data rate of 100 points per second. The 
Inverse Wiedemann effect has been proposed for 
use as a magnetic field sensor [60]. A current of 
50 mA rms was passed through the twisted FeSiB 
wire. The frequency was varied from 40 Hz to 5 
kHz and the second harmonic signal measured as 
a function of applied dc field. Linear behaviour 
was observed at fields up to 20 pT, with a sensi­
tivity of 20 V /  mT at 5 kHz. In an area of sensing 
so well covered by other techniques, this applica­
tion should perhaps be regarded as an interesting 
novelty.
6.3. Applications based on magnetomechanical ef­
fects
The magnetostrictive response of amorphous 
wire has been utilised in a recent version of the 
Fibre-Optic Magnetometer [61]. In this system a 
magnetostrictive element attached to a length of 
optical fibre produces a phase change in one arm 
of a Mach-Zehnder interferometer, when the 
external field is altered. In earlier versions of the 
system amorphous ribbons were used as the mag­
netostrictive elements. The use of an annealed, 
cold-drawn 100 pm FeSiB wire, 5 cm long, im­
proves the performance by virtue of the reduced 
demagnetizing effect of the wire. The reported 
sensitivity was 1.7 nT/y/Hz  at a measuring fre­
quency of 1 Hz.
Magnetostrictive delay lines (MDL) allow the
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possibility of position sensing deduced from the 
time of arrival of a pulse. In this device a small 
coil excites a magnetostrictive pulse at one point 
along a wire or ribbon. The pulse propagates 
along the wire at the speed of sound, and is 
detected by the voltage induced in another small 
coil some distance away. The propagation and 
detection of magnetostrictive waves (sometimes 
called Magnetoelastic waves, or MEW) along 
amorphous wires has been studied by Masuda 
and Kakuno [19], who showed how important 
scattering can be, and how it can be improved by 
cold drawing and annealing. An application of a 
MDL to displacement sensing has been described 
by Hristoforou and Niarchos [62]. In their ar­
rangement FeSiB and FeCoCrSiB wires were 
used. The amplitude of the transmitted voltage 
pulse depends on the bias field at the position of 
the transmitting and sensing coils, and can there­
fore be used to measure the position of a bias 
magnet. A quasi-Iinear response was obtained 
over a range of up to 20 mm. Suggestions for one 
and two dimensional arrays of such sensors are 
given, but no results. The authors identify 
nonuniformity of the wire as the major limitation, 
as indicated in [19]. This application therefore 
also requires further development before becom­
ing technically attractive.
7. Conclusions
The properties of amorphous wires, both in 
the as-quenched state, and after a wide range of 
post-production treatments, are now well charac­
terised. The basic core-shell domain structure 
can be used as the basis for explaining a wide 
range of magnetic and magnetomechanical be­
haviour. It appears that the simplest models of 
moment distribution in core and shell must be 
modified to allow significant spread of easy axis 
directions.
Applications of most of the phenomena ob­
served in amorphous wires have been proposed. 
Some of these are unique to wires, depending on 
the core-shell domain structure. Others are de­
velopments of applications already demonstrated 
with amorphous ribbons. There are, as yet, very
few applications that can be regarded as fully 
commercial. Further development of material 
technology and signal processing may change this 
conclusion in the next few years.
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